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Sir: 

1, Audrey D. Goddard, PhD. do hereby declare and say as follows: 

1 . I am a Senior Clinical Scientist at the Experimental Medicine/BioOncology, Medical 
Affairs Department of Genentech, Inc., South San Francisco, California 94080. 

2 . Between 1993 and 2001,1 headed the DNA Sequencing Laboratory at the Molecular 
Biology Department of Genentech, Inc. During this time, my responsibilities included the 
identification and characterization of genes contributing to the oncogenic process, and determination 
of the chromosomal localization of novel genes. 

3 . My scientific Curriculum Vitae, including my list of publications, is attached to and 
forms part of this Declaration (Exhibit A). 



-1- 

Best Available Copy 




Serial No.: * 
Filed: * 



4. I am familiar with a variety of techniques known in the art for detecting and 
quantifying the amplification of oncogenes in cancer, including the quantitative TaqMan PGR. (i.e., 
"gene amplification") assay described in the above captioned patent application. 

5. The TaqMan PCR assay is described, for example, in the following scientific 
publications: Higuchi et al., Biotechnology 10:413-417 (1992) (Exhibit B); Livak et ai, PCR 
Methods AppI.. 4:357-362 (1995) (Exhibit C) and Heid et ai, Genome Res. 6:986-994 (1996) 
(Exhibit D). Briefly, the assay is based on the principle that successful PCR yields a fluorescent 
signal due to Taq DNA polymerase-mediated exonuclease digestion of a fluorescently labeled 
oligonucleotide that is homologous to a sequence between two PCR primers. The extent of 
digestion depends directly on the amount of PCR, and can be quantified accurately by measuring the 
increment in fluorescence that results from decreased energy transfer. This is an extremely sensitive 
technique, which allows detection in the exponential phase of the PCR reaction and, as a result, 
leads to accurate determination of gene copy number. 

6. The quantitative fluorescent TaqMan PCR assay has been extensively and 
successfully used to characterize genes involved in cancer development and progression. 
Amplification of protooncogenes has been studied in a variety of human tumors, and is widely 
considered as having etiological, diagnostic and prognostic significance. This use of the quantitative 
TaqMan PCR assay is exemplified by the following scientific publications: Pennica et al., Proc. 
Natl. Acad. Sci. USA 95(25).T4717-14722 (1998) (Exhibit E); Pitti et aL Nature 
396(6712):699-703 (1998) (Exhibit F) and Bieche et al, Int. J. Cancer 78:661-666 (1998) (Exhibit 
G), the first two of which I am co-author. In particular, Pennica et al. have used the quantitative 
TaqMan PCR assay to study relative gene amplification of WISP and c-myc in various cell lines, 
colorectal tumors and normal mucosa. Pitti et al. studied the genomic amplification of a decoy 
receptor for Fas ligand in lung and colon cancer, using the quantitative TaqMan PCR assay. Bieche 
et al. used the assay to study gene amplification in breast cancer. 
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7. 



It is my personal experience that the quantitative TaqMan PCR technique is 



technically sensitive enough to detect at least a 2-fold increase in gene copy number relative to 
control. It is further my considered scientific opinion that an at least 2-fold increase in gene copy 
number in a tumor tissue sample relative to a normal (i:e., non-tumor) sample is significant and 
useful in that the detected increase in gene copy number in the tumor sample relative to the normal 



technique as a diagnostic marker for the presence or absence of tumor in a tissue sample of unknown 
pathology. Accordingly, a gene identified as being amplified at least 2-fold by the quantitative 
TaqMan PCR assay in a tumor sample relative to a normal sample is useful as a marker for the 
diagnosis of cancer, for monitoring cancer development and/or for measuring the efficacy of cancer 
therapy. 

8. I declare further that all statements made herein of my own knowledge are true and 
that all statements made on information and belief are believed to be true. I declare that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code, and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



sample serves as a basis for using relative gene copy number as quantitated by the TaqMan PCR 



Date 





Audrey D. Goddard, Ph.D. 
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AUDREY D. GODDARD, Ph.D. 



Genentech, Inc. 
1 DNA Way 

South San Francisco, CA, 94080 

650.225.6429 

goddarda@gene.com 



110 Congo St. 

San Francisco, CA, 94131 

415.841.9154 

415.819.2247 (mobile) 

agoddard@pacbell.net 



PROFESSIONAL EXPERIENCE 

Genentech, Inc. 1993-present 
South San Francisco, CA 

2001 - present Senior Clinical Scientist 

Experimental Medicine / BioOncology, Medical Affairs 

Responsibilities: 

• Companion diagnostic oncology products 

• Acquisition of clinical samples from Genentech's clinical trials for translational research 

• Translational research using clinical specimen and data for drug development and 
diagnostics 

• Member of Development Science Review Committee, Diagnostic Oversight Team, 21 CFR 
Part 1 1 Subteam 

Interests: 

• Ethical and legal implications of experiments with clinical specimens and data 

• Application of pharmacogenomics in clinical trials 



1998-2001 Senior Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities: 

• Management of a laboratory of up to nineteen -including postdoctoral fellow, associate 
scientist, senior research associate and research assistants/associate levels 

• Management of a $750K budget 

• DNA sequencing core facility supporting a 350+ person research facility. 

• DNA sequencing for high throughput gene discovery, - ESTs, cDNAs, and constructs 

• Genomic sequence analysis and gene identification 

• DNA sequence and primary protein analysis 

Research: 

• Chromosomal localization of novel genes 

• Identification and characterization of genes contributing to the oncogenic process 

• Identification and characterization of genes contributing to inflammatory diseases 

• Design and development of schemes for high throughput genomic DNA sequence analysis 

• Candidate gene prediction and evaluation 
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1993-1998 Scientist 

Head of the DNA Sequencing Laboratory, Molecular Biology Department, Research 
Responsibilities 

• DNA sequencing core facility supporting a 350+ person research facility 

• Assumed responsibility for a pre-existing team of five technicians and expanded the group 
into fifteen, introducing a level of middle management and additional areas of research 

• Participated in the development of the basic plan for high throughput secreted protein 
discovery program - sequencing strategies, data analysis and tracking, database design 

• High throughput EST and cDNA sequencing for new gene identification. 

• Design and implementation of analysis tools required for high throughput gene identification. 

• Chromosomal localization of genes encoding novel secreted proteins. 

Research: 

• Genomic sequence scanning for new gene discovery. 

• Development of signal peptide selection methods. 

• Evaluation of candidate disease genes. 

• Growth hormone receptor gene SNPs in children with Idiopathic short stature 



Imperial Cancer Research Fund 1989-1992 
London, UK with Dr. Ellen Solomon 

6/89 -12/92 Postdoctoral Fellow 

• Cloning and characterization of the genes fused at the acute promyelocytic leukemia 
translocation breakpoints on chromosomes 17 and 15. 

• Prepared a successfully funded European Union multi-center grant application 



McMaster University 1983 
Hamilton, Ontario, Canada with Dr. G. D. Sweeney 

5/83 - 8/83: NSERC Summer Student 

• In vitro metabolism of p-naphthoflavone in C57BI/6J and DBA mice 



EDUCATION 



Ph.D. 

"Phenotypic and genotypic effects of mutations in 
the human retinoblastoma gene." 
Supervisor: Dr. R. A. Phillips 

Honours B.Sc 

"The in vitro metabolism of the cytochrome P-448 
inducer p-naphthoflavone in C57BL/6J mice." 
Supervisor: Dr. G. D. Sweeney 



University of Toronto 

Toronto, Ontario, Canada. 1989 

Department of Medical 

Biophysics. 

McMaster University, 

Hamilton, Ontario, Canada. 1983 

Department of Biochemistry 
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ACADEMIC AWARDS 



Imperial Cancer Research Fund Postdoctoral Fellowship 

Medical Research Council Studentship 

NSERC Undergraduate Summer Research Award 

Society of Chemical Industry Merit Award (Hons. Biochem.) 

Dr. Harry Lyman Hooker Scholarship 

J.LW. Gill Scholarship 

Business and Professional Women's Club Scholarship 
Wyerhauser Foundation Scholarship 



1989-1992 
1983-1988 
1983 



1981-1983 
1981-1982 
1980-1981 
1979-1980 



1983 



INVITED PRESENTATIONS 

Genentech's gene discovery pipeline: High throughput identification, cloning and 
characterization of novel genes. Functional Genomics: From Genome to Function, Litchfield 
Park, AZ, USA. October 2000 

High throughput identification, cloning and characterization of novel genes. G2K:Back to 
Science, Advances in Genome Biology and Technology I. Marco Island, FL, USA. February 



Quality control in DNA Sequencing: The use of Phred and Phrap. Bay Area Sequencing 
Users Meeting, Berkeley, CA, USA. April 1999 

High throughput secreted protein identification and cloning. Tenth International Genome 
Sequencing and Analysis Conference, Miami, FL, USA. September 1998 

The evolution of DNA sequencing: The Genentech perspective. Bay Area Sequencing Users 
Meeting, Berkeley, CA, USA. May 1998 

Partial Growth Hormone Insensitivity: The role of GH-receptor mutations in Idiopathic Short 
Stature. Tenth Annual National Cooperative Growth Study Investigators Meeting, San 
Francisco, CA, USA. October, 1996 

Growth hormone (GH) receptor defects are present in selected children with non-GH-deficient 
short stature: A molecular basis for partial GH-insensitivity. 76 th Annual Meeting of The 
Endocrine Society, Anaheim, CA, USA. June 1994 

A previously uncharacterized gene, myl, is fused to the retinoic acid receptor alpha gene in 
acute promyelocytic leukemia. XV International Association for Comparative Research on 
Leukemia and Related Disease, Padua, Italy. October 1991 



2000 
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PATENTS 

Goddard A, Godowski PJ, Gurney AL. NL2 Tie ligand homologue polypeptide. Patent 
Number: 6,455,496. Date of Patent: Sept. 24, 2002. 

Goddard A, Godowski PJ and Gurney AL. NL3 Tie ligand homologue nucleic acids. Patent 
Number: 6,426,218. Date of Patent: July 30, 2002. 

Godowski P, Gurney A, Hillan KJ, Botstein D, Goddard A, Roy M, Ferrara N, Tumas D, 
Schwall R. NL4 Tie ligand homologue nucleic acid. Patent Number: 6,4137,770. Date of 
Patent: July 2, 2002. 

Ashkenazi A, Fong S, Goddard A, Gurney AL, Napier MA, Tumas D, Wood Wl. Nucleic acid 
encoding A-33 related antigen poly peptides. Patent Number: 6,410,708. Date of Patent:: 
Jun. 25, 2002. 

Botstein DA, Cohen RL, Goddard AD, Gurney AL, Hillan KJ, Lawrence DA, Levine AJ, 
Pennica D, Roy MA and Wood Wl. WISP polypeptides and nucleic acids encoding same. 
Patent Number: 6,387,657. Date of Patent: May 14, 2002. 

Goddard A, Godowski PJ and Gurney AL. Tie ligands. Patent Number: 6,372,491. Date of 
Patent: April 16, 2002. 

Godowski PJ, Gurney AL, Goddard A and Hillan K. TIE ligand homologue antibody. Patent 
Number: 6,350,450. Date of Patent: Feb. 26, 2002. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Tie 
receptor tyrosine kinase ligand homologues. Patent Number: 6,348,351 . Date of Patent: 
Feb. 19, 2002. 

Goddard A, Godowski PJ and Gurney AL. Ligand homologues. Patent Number: 6,348,350. 
Date of Patent: Feb. 19, 2002. 

Attie KM, Carisson LMS, Gesundheit N and Goddard A. Treatment of partial growth 
hormone insensitivity syndrome. Patent Number: 6,207,640. Date of Patent: March 27, 
2001. 

Fong S, Ferrara N, Goddard A, Godowski PJ, Gurney AL, Hillan K and Williams PM. Nucleic 
acids encoding NL-3. Patent Number: 6,074,873. Date of Patent: June 13, 2000 

Attie K, Carisson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,824,642. Date of Patent: October 20, 1 998 

Attie K, Carisson LMS, Gesunheit N and Goddard A. Treatment of partial growth hormone 
insensitivity syndrome. Patent Number: 5,646,1 13. Date of Patent: July 8, 1997 

Multiple additional provisional applications filed 
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PUBLICATIONS 

Seshasayee D, Dowd P, Gu Q, Erickson S, Goddard AD Comparative sequence analysis of 
the HER2 locus in mouse and man. Manuscript in preparation. 

Abuzzahab MJ, Goddard A, Grigorescu F, Lautier C, Smith RJ and Chernausek SD. Human 
IGF-1 receptor mutations resulting in pre- and post-natal growth retardation. Manuscript in 
preparation. 

Aggarwal S, Xie, M-H, Foster J, Frantz G, Stinson J, Corpuz RT, Simmons L, Hillan K, 
Yansura DG, Vandlen RL, Goddard AD and Gurney AL. FHFR, a novel receptor for the 
fibroblast growth factors. Manuscript submitted. 

Adams SH, Chui C, Schilbach SL, Yu XX, Goddard AD, Grimaldi JC, Lee J, Dowd P, Colman 
S., Lewin DA. (2001) BFIT, a unique acyl-CoA thioesterase induced in thermogenic brown 
adipose tissue: Cloning, organization of the human gene, and assessment of a potential link 
to obesity. Biochemical Journal 360: 135-142. 

Lee J. Ho WH. Maruoka M. Corpuz RT. Baldwin DT. Foster JS. Goddard AD. Yansura DG. 
Vandlen RL. Wood Wl. Gurney AL. (2001) IL-17E, a novel proinflammatory ligand for the IL- 
17 receptor homolog IL-17RM. Journal of Biological Chemistry ' 276(2): 1660-1664. 

Xie M-H, Aggarwal S, Ho W-H, Foster J, Zhang Z, Stinson J, Wood Wl, Goddard AD and 
Gurney AL. (2000) Interleukin (IL)-22, a novel human cytokine that signals through the 
interferon-receptor related proteins CRF2-4 and IL-22R. Journal of Biological Chemistry 275: 
31335-31339. 

Weiss GA, Watanabe CK, Zhong A, Goddard A and Sidhu SS. (2000) Rapid mapping of 
protein functional epitopes by combinatorial alanine scanning. Proc. Natl. Acad. Sci. USA 97: 
8950-8954. 

Guo S, Yamaguchi Y, Schilbach S, Wada T.;Lee J, Goddard A, French D , Handa H, 
Rosenthal A. (2000) A regulator of transcriptional elongation controls vertebrate neuronal 
development. Nature 408: 366-369. 

Yan M, Wang L-C, Hymowitz SG, Schilbach S, Lee J, Goddard A, de Vos AM, Gao WQ, Dixit 
VM. (2000) Two-amino acid molecular switch in an epithelial morphogen that regulates 
binding to two distinct receptors. Science 290: 523-527. 

Sehl PD, Tai JTN, Hillan KJ, Brown LA, Goddard A, Yang R, Jin H and Lowe DG. (2000) 
Application of cDNA microarrays in determining molecular phenotype in cardiac growth, 
development, and response to injury. Circulation 101: 1990-1999. 

Guo S, Brush J, Teraoka H, Goddard A, Wilson SW, Mullins MC and Rosenthal A. (1999) 
Development of noradrenergic neurons in the zebrafish hindbrain requires BMP, FGF8, and 
the homeodomain protein soulless/Phox2A. Neuron 24: 555-566. 

Stone D, Murone, M, Luoh, S, Ye W, Armanini P, Gurney A, Phillips HS, Brush, J, Goddard 
A, de Sauvage FJ and Rosenthal A. (1999) Characterization of the human suppressor of 
fused; a negative regulator of the zinc-finger transcription factor Gli. J. Cell Sci. 112: 4437- 
4448. 

Xie M-H, Holcomb I, Deuel B, Dowd P, Huang A, Vagts A, Foster J, Liang J, Brush J, Gu Q, 
Hillan K, Goddard A and Gurney, A.L. (1999) FGF-19, a novel fibroblast growth factor with 
unique specificity for FGFR4. Cytokine 11: 729-735. 
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Yan M, Lee J, Schilbach S, Goddard A and Dixit V. (1999) mE10, a novel caspase 
recruitment domain-containing proapoptotic molecule. J. Biol. Chem. 274(15): 10287-10292. 

Gurney AL, Marsters SA, Huang RM, Pitti RM, Mark DT, Baldwin DT, Gray AM, Dowd P, 
Brush J, Heldens S, Schow P, Goddard AD, Wood Wl, Baker KP, Godowski PJ and 
Ashkenazi A. (1999) Identification of a new member of the tumor necrosis factor family and its 
receptor, a human ortholog of mouse GITR. Current Biology 9(4): 21 5-218. 

Ridgway JBB, Ng E, Kern JA ,Lee J, Brush J, Goddard A and Carter P. (1999) Identification 
of a human anti-CD55 single-chain Fv by subtractive panning of a phage library using tumor 
and nontumor cell lines. Cancer Research 59: 2718-2723. 

Pitti RM, Marsters SA, Lawrence DA, Roy M, Kischkel FC, Dowd P, Huang A, Donahue CJ, 
Sherwood SW, Baldwin DT, Godowski PJ, Wood Wl, Gurney AL, Hillan KJ, Cohen RL, 
Goddard AD, Botstein D and Ashkenazi A. (1998) Genomic amplification of a decoy receptor 
for Fas ligand in lung and colon cancer. Nature 396(6712): 699-703. 

Pennica D, Swanson TA, Welsh JW, Roy MA, Lawrence DA, Lee J, Brush J, Taneyhill LA, 
Deuel B, Lew M, Watanabe C, Cohen RL, Melhem MF, Finley GG, Quirke P, Goddard AD, 
Hillan KJ, Gurney AL, Botstein D and Levine AJ. (1998) WISP genes are members of the 
connective tissue growth factor family that are up-regulated in wnt-1 -transformed cells and 
aberrantly expressed in human colon tumors. Proc. Natl. Acad. Sci. USA. 95(25): 14717- 
14722. 

Yang RB, Mark MR, Gray A, Huang A, Xie MH, Zhang M, Goddard A, Wood Wl, Gurney AL 
and Godowski PJ. (1998) Toll-like receptor-2 mediates lipopolysaccharide-induced cellular 
signalling. Nature 395(6699): 284-288. 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG and Carter P. (1998) An 
efficient route to human bispecific IgG. Nature Biotechnology 16(7): 677-681. 

Marsters SA, Sheridan JP, Pitti RM, Brush J, Goddard A and Ashkenazi A. (1998) 
Identification of a ligand for the death-domain-containing receptor Apo3. Current Biology 8(9): 
525-528. 

Xie J, Murone M, Luoh SM, Ryan A, Gu Q, Zhang C, Bonifas JM, Lam CW, Hynes M, 
Goddard A, Rosenthal A, Epstein EH Jr. and de Sauvage FJ. (1998) Activating Smoothened 
mutations in sporadic basal-cell carcinoma. Nature. 391(6662): 90-92. 

Marsters SA, Sheridan JP, Pitti RM, Huang A, Skubatch M, Baldwin D, Yuan J, Gurney A, 
Goddard AD, Godowski P and Ashkenazi A. (1997) A novel receptor for Apo2L/TRAIL 
contains a truncated death domain. Current Biology. 7(12): 1003-1006. 

Hynes M, Stone DM, Dowd M, Pitts-Meek S, Goddard A, Gurney A and Rosenthal A. (1997) 
Control of cell pattern in the neural tube by the zinc finger transcription factor Gli-1. Neuron 
19:15-26. 

Sheridan JP, Marsters SA, Pitti RM, Gurney A., Skubatch M, Baldwin D, Ramakrishnan L, 
Gray CL, Baker K, Wood Wl, Goddard AD, Godowski P, and Ashkenazi A. (1997) Control of 
TRAIL-lnduced Apoptosis by a Family of Signaling and Decoy Receptors. Science 277 
(5327): 818-821. 
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Goddard AD, Dowd P, Chernausek S, Geffner M, Gertner J, Hintz R, Hopwood N, Kaplan S, 
Plotnick L, Rogol A, Rosenfield R, Saenger P, Mauras N, Hershkopf R, Angulo M and Attie, K. 
(1997) Partial growth hormone insensitivity: The role of growth hormone receptor mutations in 
idiopathic short stature. J. Pediatr. 131: S51-55. 

Klein RD, Sherman D, Ho WH, Stone D, Bennett GL, Moffat B, Vandlen R, Simmons L, Gu Q, 
Hongo JA, Devaux B, Poulsen K, Armanini M, Nozaki C, Asai N, Goddard A, Phillips H, 
Henderson CE, Takahashi M and Rosenthal A. (1997) A GPI-linked protein that interacts with 
Ret to form a candidate neurturin receptor. Nature. 387(6634): 717-21. 

Stone DM, Hynes M, Armanini M, Swanson TA, Gu Q, Johnson RL, Scott MP, Pennica D, 
Goddard A, Phillips H, Noll M, Hooper JE, de Sauvage F and Rosenthal A. (1996) The 
tumour-suppressor gene patched encodes a candidate receptor for Sonic hedgehog. Nature 
384(6605): 129-34. 

Marsters SA, Sheridan JP, Donahue CJ, Pitti RM, Gray CL, Goddard AD, Bauer KD and 
Ashkenazi A. (1996) Apo-3, a new member of the tumor necrosis factor receptor family, 
contains a death domain and activates apoptosis and NF-kappa p. Current Biology 6(12): 
1669-76. 

Rothe M, Xiong J, Shu HB, Williamson K, Goddard A and Goeddel DV. (1996) l-TRAF is a 
novel TRAF-interacting protein that regulates TRAF-mediated signal transduction. Proc. Natl. 
Acad. Sci. USA 93: 8241-8246. 

Yang M, Luoh SM, Goddard A, Reilly D, Henzel W and Bass S. (1996) The bglX gene 
located at 47.8 min on the Escherichia coli chromosome encodes a periplasmic beta- 
glucosidase. Microbiology 142: 1659-65. 

Goddard AD and Black DM. (1996) Familial Cancer in Molecular Endocrinology of Cancer. 
Waxman, J. Ed. Cambridge University Press, Cambridge UK, pp. 187-21 5. 

Treanor JJS, Goodman L, de Sauvage F, Stone DM, Poulson KT, Beck CD, Gray C, Armanini 
MP, Pollocks RA, Hefti F, Phillips HS, Goddard A, Moore MW, Buj-Bello A, Davis AM, Asai N, 
Takahashi M, Vandlen R, Henderson CE and Rosenthal A. (1996) Characterization of a 
receptor for GDNF. Nature 382: 80-83. 

Klein RD, Gu Q, Goddard A and Rosenthal A. (1996) Selection for genes encoding secreted 
proteins and receptors. Proc. Natl. Acad. Sci. USA 93: 7108-71 13. 

Winslow JW, Moran P, Valverde J, Shih A, Yuan JQ, Wong SC, Tsai SP, Goddard A, Henzel 
WJ, Hefti F and Caras I. (1995) Cloning of AL-1, a ligand for an Eph-related tyrosine kinase 
receptor involved in axon bundle formation. Neuron 14: 973-981 . 

Bennett BD, Zeigler FC, Gu Q, Fendly B, Goddard AD, Gillett N and Matthews W. (1995) 
Molecular cloning of a ligand for the EPH-related receptor protein-tyrosine kinase Htk. Proc. 
Natl. Acad. Sci. USA 92: 1866-1870. 

Huang X, Yuang J, Goddard A, Foulis A, James RF, Lernmark A, Pujol-Borrell R, 
Rabinovitch A, Somoza N and Stewart TA (1995) Interferon expression in the pancreases of 
patients with type I diabetes. Diabetes 44: 658-664. 

Goddard AD, Yuan JQ, Fairbairn L, Dexter M, Borrow J, Kozak C and Solomon E. (1995) 
Cloning of the murine homolog of the leukemia-associated PML gene. Mammalian Genome 
6:732-737. 
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Goddard AD, Covello R, Luoh SM, Clackson T, Attie KM, Gesundheit N, Rundle AC, Wells 
JA, Carlsson LMTI and The Growth Hormone Insensitivity Study Group. (1995) Mutations of 
the growth hormone receptor in children with idiopathic short stature. N. Engl. J. Med. 333: 
1093-1098. 

Kuo SS, Moran P, Gripp J, Armanini M, Phillips HS, Goddard A and Caras IW. (1994) 
Identification and characterization of Batk, a predominantly brain-specific non-receptor protein 
tyrosine kinase related to Csk. J. Neurosci. Res. 38: 705-715. 

Mark MR, Scadden DT, Wang Z, Gu Q, Goddard A and Godowski PJ. (1994) Rse, a novel 
receptor-type tyrosine kinase with homology to Axl/Ufo, is expressed at high levels in the 
brain. Journal of Biological Chemistry 269: 10720-10728. 

Borrow J, Shipley J, Howe K, Kiely F, Goddard A, Sheer D, Srivastava A, Antony AC, 
Fioretos T, Mitelman F and Solomon E. (1994) Molecular analysis of simple variant 
translocations in acute promyelocytic leukemia. Genes Chromosomes Cancer 9: 234-243. 

Goddard AD and Solomon E. (1993) Genetics of Cancer. Adv. Hum. Genet. 21: 321-376. 

Borrow J, Goddard AD, Gibbons B, Katz F, Swirsky D, Fioretos T, Dube I, Winfield DA, 
Kingston J, Hagemeijer A, Rees JKH, Lister AT and Solomon E. (1992) Diagnosis of acute 
promyelocytic leukemia by RT-PCR: Detection of PML-RARA and RARA-PML fusion 
transcripts. Br. J. Haematol. 82: 529-540. 

Goddard AD, Borrow J and Solomon E. (1992) A previously uncharacterized gene, PML, is 
fused to the retinoic acid receptor alpha gene in acute promyelocytic leukemia. Leukemia 6 
Suppl3: 117S-119S. 

Zhu X, Dunn JM, Goddard AD, Squire JA, Becker A, Phillips RA and Gallie BL. (1992) 
Mechanisms of loss of heterozygosity in retinoblastoma. Cytogenet. Cell. Genet. 59: 248-252. 

Foulkes W, Goddard A. and Patel K. (1991) Retinoblastoma linked with Seascale [letter]. 
British Med. J. 302: 409. 

Goddard AD, Borrow J, Freemont PS and Solomon E. (1991) Characterization of a novel zinc 
finger gene disrupted by the t(15;17) in acute promyelocytic leukemia. Science 254: 1371- 
1374. 

Solomon E, Borrow J and Goddard AD. (1991) Chromosomal aberrations in cancer. Science 
254: 1153-1160. 

Pajunen L, Jones TA, Goddard A, Sheer D, Solomon E, Pihlajaniemi T and Kivirikko Kl. 
(1 991 ) Regional assignment of the human gene coding for a multifunctional peptide (P4HB) 
acting as the p-subunit of prolyl-4-hydroxylase and the enzyme protein disulfide isomerase to 
17q25. Cytogenet. Cell. Genet. 56: 165-168. 

Borrow J, Black DM, Goddard AD, Yagle MK, Frischauf A.-M and Solomon E. (1991 ) 
Construction and regional localization of a Not\ linking library from human chromosome 17q. 
Genomics 10: 477-480. 

Borrow J, Goddard AD, Sheer D and Solomon E. (1990) Molecular analysis of acute 
promyelocytic leukemia breakpoint cluster region on chromosome 17. Science 249: 1577- 
1580. 
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Myers JC, Jones TA, Pohjolainen E-R, Kadri AS, Goddard AD, Sheer D, Solomon E and 
Pihlajaniemi T. (1990) Molecular cloning of 5(IV) collagen and assignment of the gene to the 
region of the region of the X-chromosome containing the Alport Syndrome locus. Am. J. Hum. 
Genet. 46: 1024-1033. 

Gallie BL, Squire JA, Goddard A, Dunn JM, Canton M, Hinton D, Zhu X and Phillips RA. 
(1990) Mechanisms of oncogenesis in retinoblastoma. Lab. Invest. 62: 394-408. 

Goddard AD, Phillips RA, Greger V, Passarge E, Hopping W, Gallie BL and Horsthemke B. 
(1990) Use of the RB1 cDNA as a diagnostic probe in retinoblastoma families. Clinical 
Genetics 37: 117-126. 

Zhu XP, Dunn JM, Phillips RA, Goddard AD, Paton KE, Becker A and Gallie BL. (1989) 
Gprmline, but not somatic, mutations of the RB1 gene preferentially involve the paternal 
allele. Nature 340: 312-314. 

Gallie BL, Dunn JM, Goddard A, Becker A and Phillips RA. (1988) Identification of mutations 
in the putative retinoblastoma gene. In Molecular Biology of The Eve: Genes. Vision and 
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Oligonucleotides with Fluorescent Dyes at 
Opposite Ends Provide a Quenched Probe 
System Useful for Detecting PCR Product 
and Nucleic Acid Hybridization 

Kenneth J. Llvak, Susan J.A. Flood, Jeffrey Marmara, William Giusti, and Karin Deetz 
Pcrkln-Elmcr, Applied Uiwystcms Division, Foster City, California 94404 
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. The 5' nucleat* PCR atsmy datsc** tho 
Accumulation of specific PCR product 
1 by hybridization and cleavage of a 
double-labeled fluorogenlc probe 
during the amplification reaction. 
The probe Is an oligonucleotide with 

• both a r«port«r fluorescent dye ami a 
quencher dye attached. An Increase 
In reporter fluorescence Intensity In- 
dicates that the probe has hybridized 
to the target PCR product and hmy 

< been cleaved by the 5'-»3' nucle- 
olytlc activity of Too DNA polymerase. 
In this study, probes with the 

• quencher dy« attached to an Internal 
nucleotide were compared with 
probes with the quencher dye at- 
tached to the J'-end nucleotide. In all 

1 caies, the reporter dye was attached 
' to the 5' end. All Intact probes 
showed quenching of the reporter 
fluorescence. In general, probes with 
the quencher dye attached to the 3- 
end nucleotide exhibited a larger sig- 
nal in the $' nuclease PCR assay than 
the Internally labeled probes. It Is 
proposed that the larger signal Is 
caused by Increased likelihood »f 
cleavage by Taq DNA polymerase 
when the probe Is hybridized to a 
template strand during PCR. Probes 
with the quencher dye attached to 
the 3 '-end nucleotide also exhibited 
an Increase In reporter fluoroscenc* 
Intensity when hybridized to a com- 
plementary strand. Thus, oligonucle- 
otides with reporter and quencher 
dyes attached at opposite ends can 
be used as homogeneous hybrldlu- 



homogeneous assay for detecting 
tin* Mcvurriulatloii of specific 1KJR prod- 
uct that uses a double-labeled fluoro- 
genic probe was dtevrilx.il by Leu et al.*" 
The assay exploits the 5' • » 3' nude- 
olytlc activity of Taq UNA poly- 
lln;l«at; <; '•' ,, mid Is diagramed In l'iguie 1. 
The fluoiogenit: piuhti (-(insist? of an oli- 
gonucleotide with t* reporter fluorescent 
dye, nuvIi as a fluorescein, attached to 
Uip 5' end; and a quencher dye, such as a 
rhodaminc, altached Internally. When 
tlit; fluorescein is excited by Irradiation, 
Us fluorescent emission will be 
quenched if the iliodoniiiie Is close 
enough to be excited through the pro- 
cess of Duorescciitre energy transler 
(Vl'l)." -« During PCR, if the probe is hy- 
bridized to a template Miami, Taq DNA 
polymerase will cleave the probe be- 
cause of Its inherent .V -v 3' nucleolytlc 
activity. If the cleavage occurs between 
UlC fluorescein and rhodamlnc dyes, it 
causes an increase in fluoicswin fluores- 
cence intensity because the fluorescein 
is no longer quenched. The Increase in 
fluorescein fluorescence Intensity indi- 
tales that the. probe-specific rCRproduct 
has limn generated. Thus, PET between a 
ie.|niMei dye and a quencher dye Is critl- 
cal to the performance of ihc piobe lu 
Uie 5' xiul1c<uv PCR a.v\uy. 

Quenching is enmplric.ly dependent 
on the physical proximity Of tbv two 
dycs. w *' Because of this, ll has luxii as- 
sumed (hal the quencher dye rautl be 
altached neai the 5' end. Surprisingly, 
we liave found thai attaching a rho- 
Uomiiie dye al the 3' cud of a piohe 



PCR assay. Ilirthermorc, cleavage of this 
type of probe is not required to achieve 
some reduction In quenching.. Oligonu- 
cleotides with a reporter dye on the V 
end and a quencher dye on the 3' end 
exhibit a much higher reporter fluores« 
cence when doutiic-slraiided as com- 
pared with single-stranded. This should 
make it possible to use this type of dou- 
ble-labeled probe for homogeneous de- 
tection of nucleic acid hybridization. 



MATERIALS AND METHODS 

Oligonucleotides 

Table 1 shows the nucleotide sequence 
of the oligonucleotides used In this 
study. Linker arm nucleotide- (LAN) 
phosphoramiditc was obtained from 
Glen Research. 'I*he standard DNA phos- 
phoramiditcs, 6-carboxyfluorcsccin (6- 
FAM) phosphoramldite, fi-carboxytet- 
ramcthylrhndamlnc succinimldyj ester 
(TAMRA NHS ester), and Phosphalink 
for attaching a a* -blocking phosphate, 
were obtained hum PcrWii-Elmer, Ap- 
plied Biosystems Division. Oligonucle- 
otide synthesis was performed using an 
AB1 model 394 TjNA synthesiser (.Applied 
Biosystems). rTimcr and complement 
oligonucleotides were purified using 
OUgu Puriftuitiuri Cartridges (Applied 
Biosystems). Dwublc-luln-.lc.d probes were 
syiiOicsb-ed with 6-r*AM«labeled phos- 

pliuirfuiidiU: al the V und, FAN rcplildug 

out; of thvTs In the sequence, and I'hos- 
phalink at the 3' end. Following de- 
puittxtlon and eiliunol precipitation, 



sons 



Z0S6 091 6*6 XVd LS-VT Z00Z/S0/ZT 



From : BML PHONE No. : 310 472 0905 Dec. 05 2002 12: ISAM P04 




Polymerization 

forward 



Primer 



1 ~ % 



Strand displacement 



Peverea 
Primar 



® 

-2d? 



Cleavage 



■3" 
■5- 



r- 



@ 



-3* 
■ 5' 



Polymerization completed 



3'- 



d (fit) 



3" 
■5" 



FIGURE 1 Diagram of 5' nuclease assay. Stepwise representation of trie 5' -♦ 3' nucieoiyrk: ac- 
tivity of 7&<j DNA polymerase acting on a fluoruRcnic probe UurliiR one extension phase of J'C.R, 



mM NA-blcarbonaic buffer (pi I 9.0) at 
room temperature. Utucactcd dye was 

■ eiiiuvcv] by fKUMfje over a I'D-10 Scplltt- 

dcx column. Finally, the double-labeled 
probe was purified by preparative high- 
performance liquid chromatography 
(UPUy using an Aquapore (,:„ 220x4.6- 
mm column with 7-p.m particle siac. The 
column was developed with a 24»m)n 
linear gradient of 8-20% ucctonltrlle in 
0.) m TEAA (tricthylaminc ticetate). 
Vrobes are named by designating the se- 
quence from Tabic 1 and the position of 
the 1AN-TAMRA moiety. For example. 

probe Al-7 has sequence Al with LAN- 
TAKrfRA at nucleotide position 7 from the 
f>' end. 



PCR Syatcrm 

All PCR amplifications were performed 
in the Perkin-Elmcr GcneAmp PCR Sys- 
tem 9fcO0 using SU-uJ reactions thai con- 
tained 10 mM Tris-HCl (pH S.3), SO ium 
KCI, 200 pt* dATP, 200 um dC'Jl', 200 lUrf 
dC.TP, 400 um dUTP, OS unit of AmpBr- 
ase uracil N-gtycoiylase (Perkln^EJmer), 



gene (nucleotides 2141-2435 in the s«. 
quence of Nakalime-II|lma et al.) 171 vvas 
amplified using primer* AI'P and AKP 
(Tabic 1), which are modified slightly 
from those of du Drcuil et al, W) Actln am- 
plification reactions contained 4 niw 
MgC!| s , 20 ng of human genomic DNA, 
SO nM Al or A3 probe, and 300 dm each 



TABLE 1 Sequences of Oligonucleotides 



primer. The thermal regimen was S0"c: 
<2 mln), o/TC (10 mln), 40 cycles of O.VC 
(20 sec), 60«C (1 mln), and hold at ??C, 
A SIS-bp segment was amplified from a 
plasmld that conaistR o! a segment ol X, 
DNA (nucleotides 32,220-32,747) in- 
serted in the Smal situ of vector pUCl 19. 
These reactions ivntulntttl S.S ium 
M]{(^, 1 of plusmid DNA, SO riM VZ or 
PS probe, 200 hm primer PI 10, and 200 
mm piiinci R119. The thermal regimen 
Was 50°C (2 min). V5*C (10 mln), 25 cy- 
cle* Of J»5"C (20 ace), 57"C 0 mln), and 
hold at 72°C. 



Flunrr »;encr Detection 

Vot each amplification reaction, a 40-fil 
aliquot of a sample was transferred to an 
Individual well of a white, OfUwall micro, 
titer plate (Perion-Klmer). Fluorescence 
was measured on the J'crkin-Elmcr Taq- 
Man LS-SOH System, which consists of a 
luminescence spectrometer with plate 
reader assembly, & 4B5-nm excitation fil- 
ter, and a MS-nm emission filler. Exella. 
tion was at 488 mn using a 5-nm slit 
width. Emission was measured at 518 

nm for 6-1'AM (the. reporter or W value) 
and S82 nm for TAMItA (the quencher or 
Q value) using a 10-nm sltt width. To 
determine the mmc-asc in lepuitei emis- 
sion that h caused by cleavage of the 
probe during ITJt, three normalisations 
are applied to the raw emission data, 
first, emission Intensity of a buffet blank 
is subtracted fur each wavelength. Sec- 
ond, emission Intensity of the reporter is 



Name 


lype 


.Sequence. 


FX 19 


primer 


ACXCACAGOAACTCAl CACCACTC 


K119 


prlmvT 


AixjTcotxiTrccxx5<:rr.A<xmcicir; 


P3 


probe 


icx^TJACi'OAixxrnxjccAACCACTp 


PZC 


complement 


ciACrccTrcocAACXJATCAcrrAATocflAiC 


PS 


probe 


CUOAl-nGCiXiOTAl^ATCACAACCAIV 


rsc 


complement 


nrATCCITGTCATACAl ACCAOCAAA'I CCC 


AW 


primer 


TCACCCACACTGTGCCCATCTACQA 


ARP 


primer 


CAOCCiOAAC X XiCK ArrXKXMATCiU 


Al 


probe 




Ale*. 


complement 


A(^<:ctvti;{;Ait:<:(jvrt;t;c;c:(;A{;t;(;(^'rAC 


A3 


piobc 


CGCCC0XSOAC1'rCCACCAAOAOAT|» 


A3c^ 


complement 


crATrrmocitMAAGTocAfionnRAC 



Tor each oligonucleotide vscd In this study, the nucleic add sequence 1* given, written in the 
A' > 3' direction. Theie are three types of oligonucleotides: PCR primer, fluorogenic probe used 
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Prob» 
A1.2 

AM 4 
A1-19 
A1-22 
A1-26 



A1-2 

A1-7 

A1-14 

A1-10 

A1-22 

A1-9G 



618 nm 



ftftroccca'cccccATutx'AQc'CivcC'ip 
S^iTKXva\.^.WA'rucvAj<xSkiCXrn> 



682 nm 

no t»mfx » t»mp. 



RQ' 



AflO 



28 6 4 2.1 32.7*1.0 33JH8.0 38.3*2.0 0.G? * 0.01 O.BO J 0.06 0.10 J 0.0C 

03.044.3 306.1*214 108.6*>6.3 110-3*S.3 040*0.0* 3.S&»0.17 3X0*0.18 

127.0*4.0 403.9*19.1 160.716.3 93.1 J £.3 1.1810.03 AMiOM 3.18* O.IS 

107.5*17.0 «n>.7 -j 7.7 70.3* 7.4 79.0* 9.0 ?.67j0.05 6.B0AO.16 0,1310.16 

S2i.Git>J «S£M?±«.8 IOO.Oi.4.0 86.210.6 Ci6a 0,03 5.0e±0.11 C7710.12 

I60.2J0.S 464.-1 1&.4 »3.1*J>.« Wi./±*X LftiUiK S>.01±0XW SJiW±0.08 



flCURE 2 Results of 5' nuvlrase • tuuparing f>-a<urt probe) with TAMRA at different miele 
otld« positions. As described )n Materials and Methods, If 31 amplifications containing the In- 
dicated probes wrre performed, and the fluorescence emission was measured m 518 and 582 nm. 
deported valui» an: the average* 1 s.o, for six reactions run without added template (no temp.) 
and six reactions run with template ( i temp.), The RQ ratio was calculated for each individual 
reaction and averaged to give the reported RQ" and MO 1 values. 



divided by the emission intensity of the 
quencher to give an RQ ratio for cadi 
reaction tube. Tills normall7.es for wcll- 
to-well variations in probe concentra- 
uon and fluorescence measurement. l'l- 
> nally, ARQ is calculated by subtracting 
tnc KQ value of the no-templatc control 
(RQ" ) from the RQ value fur the win- 
plctc reaction including template 
(RQ'). 

RESULTS 

A series of probes with increasing dis- 
tances between the fluorescein rcponci 
and rhodamlnc quencher were tested to 
investigate the minimum and maximum 
spacing that wnuid give an acceptable 
performance in the 5' nuclease rCR as- 
say. Tnese probes hybridize to a target 



.sequence in the human p-acfin gene-. 
Mguic 2 shows the results of an cx|>cri- 
merit in which these- probes were In- 
cluded in I'CR lhal amplified a segment 
of the fJ-iH'tlii ge.itn containing the Ulgct 
sequence- IVifoiinuiice hi the S' nu- 
clease I'CR assay is monitored by the 
magnitude, of ARQ, which h a measure 
of the Increase In reporter flvorcwiiiw 
utuacd by PCR amplification oi the 
probe target, Probe Al-2 ha» a ARQ value 
that Is close to rero. Indicating that the 
probe was noi cleaved appreciably dur- 
ing the amplification rcnvtiou. This aug- 
that With the quencher dye on tile 
second nucleotide from the 5' end, there 
is insufficient 100:111 lot Tuif polymerase 
to cleave efficiently between the reporter 
anil uuetichei. The other five probes ex- 
hibited computable ARQ values that are 



clearly different from zero- Thus, all five 
probes arr befog cleaved during l*OK am- 
plification 1 faulting hi a similar lncrea:>e 
111 importer fluorescence. It should be 
noted thot complete digestion of a probe 
produces a much larger increase in re- 
porter fluorescence than that observed 
In Figure 2 (data not shown). Tints, even 
In reactions where amplification occurs, 
the majority of probe molecules remain 
uiiclcavcd. It is mainly for this reason 
that the fluorescence intensity of the 
quencher dye TAMRA changes Hide with 
amplification of the target. Tills Is whal 

allows us to use the 582-nm fluorescence, 
reading as a normalixatlon factor. 

The magnihinV of RQ* dfppnris 
mainly on the quenching efficiency in- 
herrmr in the. specific, structure ol the 
probe and the purity of the ollgonucle 
otide. Thus, the larger RQ" values Indi- 
cate that probes Al-14, AJ-19, Al-22, and 
Al-26 probably have reduced quenching 
as compared with A1-7. Still, the degree 
of quenching Is sufficient to detect a 
highly significant ininvjwc In reporter 
fluorescence when each of these prubes 
is cleaved during PCR. 

To further investigate the ability of 
TAMRA on the V end to quench (5-FAM 
on the 5' end, three additional palm of 
probes were tested in the 5' nuclease 
PCR assay. F01 each pair, one probe has 
TAMRA attached to nn intcrnol nude- 
uHu* and the iithei has TAMRA attached 
to the 3' end nucleotide. The results are 
shown in Table 'I. r*or all three sets, the 
probe with the 3' quencher exhibits u 
&RQ value that is considerably hifthei 
than fcr Uic probe with the Internal 
quencher, The RQ" values suggest that 
differences In quenching arc not as grout 
as those observed with some of the Al 
probes. These results demonstrate that 0 
quencher dye on the 3' end of on oligo- 
nucleotide can quench efficiently the 



TABLE 2 Results of V Nuclease Assay Comparing Prolws with TAMRA Attached to on Internal or 3' -terminal Nucleotide 



418 mn S«2 nm 





Probe. 


no temp. 


+ temp. 


III) letup. 


4 temp. 


RQ 


RQ' 


4R0. 




A3-6 
A3-24 


54.6 i 3.2 
72.1 * 2.9 


84.8 1 3.7 
236.5 s. ll.l 


116.2 s. 6.4 
84.2 * 4.0 


ns.6 J-2.S 
90.2 u. 3M 


0.47 is. 0.02 
0.86 J. 0.02 


0.73 s. 0.0H 
2.62 ± 0.0S 


0.Z6 ± 0.04 
1.76 ± 0.0S 


the 


rc-7 

1*2-27 


82.8 2. 4.4 
113.4 i 6.6 


384.0 ±34.1 
SW.4 ± 141 


104.) X 6.4 
140.7 + 8,5 


120.4* 10.Z 
118.7 2:4.8 


0.79 1 0.02 
0,81 ± 0X)1 


3.1!> * ai6 
4 .68 i 0.10 


2.40 ■■< 0.1C. 

3,88 t 0.10 


;ed 
the 


I'S-IO 
TS-28 


773 ± 6^ 
64.0 a 5.Z 


244.4 x 15.9 
^33.6 ± 12.1 


86.7 i 4.3 
100.6 * 6.1 


9S.8 -»■ 6.7 
94.7 I 6 3 


O.B9 * 0.0$ 
0-63 ± 0.02 


2-S5?. 0.06 
3.53*0.12 


1.66 ± 0.08 
289 i 0.13 



-«»i nrniw ana i-ai.-i.i»iions were oeifoTmcd as described in Material «nd Methods and in the legend to Wg. 2. 
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fluorescence of a r«>prtrter dye on the S' 
end. The degree of quenching Is Suffi- 
cient fur litis typo of oligonucleotide to 
he used as a probG in the .V nuclease- PCR 
assay. 

To test the hypothesis thai quenching 
by a V TAMRA depends on the flexibility 
of the oligonucleotide, fluorescence was 
mcasuiod fur probes In the single- 
stranded and double stranded states. Ta- 
ble 3 reports. the fluorescence observed 
at 518 and S82 itm, The relative degree 
of quenching Is assessed by calculating 
the RQ ratio. For probes with TAMRA 
6-]0 nucleotides from the S' end, there 
Is little difference In the RQ values when 
comparing single-stranded with double- 
stranded oligonucleotides, The resulls 
for probes with TAMRA e| the 3' end are 
much different. For these probes, hy- 
bridisation to a complementary strand 
causes a dramatic increase in HQ. We 
propose that this loss of quenching is 
caused by the rigid structure of doublo- 
Stranded UNA, which prevents the 5' 
and 3' ends from being in proximity. 

When TAMRA is placed toward the 3' 
end, there Is a marked Mg a 1 effect on 
quenching Figure 3 shows a plot of ob- 
served RQ values for the Al series of 
probes as a function of Mg 2-1 concentra- 
tion. With TAMRA attached near the 5' 
end (prohe Al-2 or Al-7), the RQ value al 
0 ium Mg 2 " is only Slightly higher than 
RQ at 10 him Mg* ' . For probes Al-19, 
Al -22, and Al-26, the RQ values at 0 mM 
Mg , J are very high, indicating a much 



reduced quenching efficiency. For each 
of these probes, then*, b a marked de- 
crease in KQ at I mm Mg' ' followed by 
u grudual decline as the Mg ? 1 tviiccii- 
rrution increases to 10 ium, Piuue A1-14 
shows an intermediate RQ value at 0 mmi 
Mg'' 1 with u gradual decline at hlgncr 
Mg 7 ' 4 coiKcHlisllmJs. In a low-sail en- 
vironment with no Mg 2 '' present, a sin- 
gle-stranded oligonucleotide would be 
expected to adopt an extended confor- 
mation because of electrostatic repul- 
sion. The binding of Mg 8 * Ions acts to 
Shield the negative charge of the phos- 
phate backbone so that the Oligonucle- 
otide can adopt conformations where 
the H' end is close to the 5' end. There- 
fore, the observed Mg z ' effects support 
the notion that quenching ol a 5' re- 
porter dye by TAMRA at ur near the 3' 
end depends on the flexibility of the oli- 
gonucleotide. 

DISCUSSION 

The striking finding of this study is that 
it seems Ok- rhodamlne dye TAMRA, 
placed at any position in an oligonucle- 
otide, can quench the fluorescent emis- 
sion of a fluorescein «H ; AM) placed at 
the S' end. This implies that a sin&k- 
stranded, double-labeled oligonucle- 
otide must be able to adopt con forma 
tlons where the TAMRA is dose to the 5' 
end. It should lie noted that the decay of 
6-1'AM in the excited state requires a cer- 
tain Amount of time. Therefore, whal 



mattcrn for quenching is not the avcraj 
distance between 6-lAM and TAMB 
but, rather, how close TAMRA can get I 
6-FAM during die lifetime of the 6-FA! 
excited state. As long as the decay time i 
the excited stale, is relatively long coil 
pared witli the molecular motions of tr 
oligonucleotide, quenching can occu 
Thus, we propose that TAMRA at the ■ 
end, or any other position, can queue 
6-FAM at the y end because TAMRA Is 1 
proximity to 6-KAM often enough lo t 
able to accept energy transfer from a 
excited 6-FAM. 

Details of the fluorescence mcasun 
mcnts remain puzzling. For example, Ti 
ble 3 shows that hybridization of probe 
Al-26, A3-24, and P5-28 to their comph 
mcmary strands not only causes a larg 
increase in 6-FAM fluorescence at 51 
run but also causes a modest Increase i: 
TAMRA fluoresop.net- at 582 nm. I 
Tamra Js being excited by energy tran! 
fcr from quenched 6-FAM, then loss c 
quenching attributable to hybridizatioi 
should cause, a decrease In the fluorc? 
cence emission of TAMRA. the fact tha 
the fluorescence emission of TAMRA in 
creases indicates that the. situation I 
more complex. For example, we have an 
ecdoial evidence thar the bases of th 
oligonucleotide, especially <i, quend 
the fluorescence of both 6-FAM an< 
TAMRA to some degree. When double 
stranded, basc-palrlng may reduce th< 
ability of the bases to quench. The pri 
maiy factor causing the quenching o 
6-fAM in on Intact probe is the TAMR> 
dye.. Fvldvncc for the Importance O 
TAMRA is that 6 EAM /lutrntsaino 
remains relatively unchanged whci 
probes labeled only with 6-FAM are usct 
In the 5' nuclease l'CR assay (data no 
shown). Secondary effectors of fluores 
cence, both before and afiei cleavage o 
the. probe, need to be. explored further. 

Regardless of the physical mccha 
ntsm, the relative independence of posl 
tion and quenching greatly slmpllflei 
the design of probes for the S' nucleaw 
PCR assay, There are three main factor 
that determine the performance of : 
double-labeled fluorescent probe in tlx 
(>' nuclease VCR assay. The first factor Ij 
the degree of quenching observed In tht 
intact probe. Tills Is Characterized by the 
value of RQ' , which Is the ratio of re- 
porter to quencher fluorescent cmis 



TABLt 3 Comparison of Plunrc.icctKc R.mi»»iuiJ5 o/ SiiiKle-.-itrandcd and 
Double-*ir«ndcd Ruorogenk Probe* 



S18 nm (,S?. nm RQ 



ProlM- 


«» 


ds 


»» 


as 


SS 


ds 


Al-V 


27,75 


68.53 


61.08 


138.18 


0.4S 


0.50 


Al-26 


43.31 


S09.38 


53 JO 


93.86 


0.81 


5.43 


A3-6 


16.7S 


62.88 


39.33 


16S.57 


0.43 


0.38 


A.V24 


30.05 


578.64 


67.77. 


140.25 


0.45 


3.21 


n-i 


35.02 


70.13 


M.63 


121 .09 


0.64 


0.58 


1*2-27 


39.89 


320.47 


65.ll 1 


61.13 


0.61 


S.25 


l'i-10 


27.34 


144.85 


01.95 


16S.S4 


0.44 


0.B7 


1*5-28 


33.65 


462.29 


•>i..V> 


104.6] 


0.46 





(as) single-stranded. 'Ihe fluorescence emissions at 538 or S82 nin for solutions containing a final 
concentration of SOnwt Indlcaled probe, lo mM i ris-iia (pH 8.3). 50 niM KC1, and 10 mM MgfiV 
(ds) Double-t.trandpd. Th« solutions contained, in addition, 100 iim AlC for probes Al-7 and 
A)-Z6. 100 iim A3C for probes A3-6 and A3-24. 100 nM l'2C fur pmlM-s l>2r7 and 1*2.7.7, or 100 nM 
r-SC for probes PA-10 and vs-Zu. Before tr>c aednion or MrV.I,, J 20 *1 ol eacll sample wbs Heated 
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FIGURE 3 Kf fwi of Me/ 1 «>ri«sntrstion on RQ ratio for the Al seriei of probes. The fluoresce nee 
emission intensity ai 518 and 582 nm was measured for solution* containing SO nM probe, 10 mM 
Trls-HCl (pH 6.3), 50 mM KCI. and varying amounts (0-10 dim) of Mg0 2 . "ITW calculated KQ 
ratios (51 8 nm Intensity diverted hy SHZ ntn intensity) an- plotted vs. MgC.I A concentration (mM 

Mk). 'IIik Key (uyjiri right) diiiwa llic (HuIko. t-AUuimnl. 



dyes used, spacing be.twe.en reporter and 
quencher dyes, nucleotide sequence 
context effects, presence of structure or 
other faciuii dial reduce flexibility uf 
the oligonucleotide, and purity of (he 
prohc. The second factor is the efficiency 
uf hyhiidiiutiion, which depends on 
probe r u „ presence of secondary struc- 
ture In probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq DNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween piobe and template as shown by 
Uie observation that mismatches in Ihc 
segment between reporter and quencher 
dyes drastically reduce the cleavage, of 
probe.' 1 ' 

The rise in RQ - values for the Al se- 
ties of probes seems to Indicate that Uie 
degree of quenching is reduced some- 
what as the quencher is placed toward 
the 3' end. Ihe lowest apparent quench- 
ing is observed for probe Al-19 (see Fig. 
3) rather than for the probe where the 
TAMRA Is at the. 3* end (A1-Z6). rhts ik 
■understandable, as the conformation of 
the 3' end position would be expected to 
be less restricted than the conformation 
of an Internal position. In effect, a 
quencher at the 3' end is freer to adopt 
conformations close to the 5' reporter 
dye than is an internally placed 



probes, the interpretation of RQ values 
is less clear-cut. The A3 probes show the 
some trend as Al, with the 3' TAMRA 
piobc having a larger RQ than the In- 
ternal TAMRA probe. For the P2 pah, 

both probes hove about the same RQ" 

value, For the PS probes, the RQ for Un- 
it' probe, is less than for the internally 
labeled probe. Another factor that may 
explain some of the observed variation u 
that purity offccti the RQ" value. Al- 
though all probes are HPI.C purified, & 
small amount of contamination with 
unquenched reporter cam have a large ef- 
fect on RQ . 

Although there may be a modest ef- 
feci on degree of quenching, the posi- 
tion uf Uic quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic- effect is 
observed with probe Al-2, where place- 
ment of the TAMRA on the second nu- 
cleotide induces the efficiency of cleav- 
age to almost zero. For the AS, P2, and PS 
probes, ARQ is much greater for the 3' 
TAMKA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily hy assuming (tint probes 
with TAMRA at the 3' end are more likely 
to be cleaved between aeporlei and 
quencher than arc probes with TAMRA 
attached internally. Por the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQ docs 
not increase when the quencher is 
nUrwri rtnwr to thn .V end. This illus- 



trates the importance of lwMng able to 
use probes with a quencher on the. :t' 
end in the &' nuclease I'CR assay. In this 
assay, an increase in the intensity of re- 
porter illiorcsccnce is observed only 
when the probe is cleaved between lliv 
reporter and quencher dyes. By placing 
Uiv iupcutur and cjutMichui dyes uit the 
opposite ends of an oligonucleotide 
probe, any cleavage that occurs wilt be 
detected. Wlicn the quencher Is attached 
to an lutunial nuvlvotide, sometimes Um 
probe works well (Al-7) arid other limes 
not so wall (A3-6). Tire relatively poor 
performance of probe A3-6 presumably 
means the probe U being cleaved 3' to 
the quencher rnthor than between the 
reporter and quencher. Therefore, the 
best chance of having a prohc that reli- 
ably detects accumulation of PCR prod- 
uct in the V nuclease I'CR assay is to use 
a prohe with the reporter and quencher 
dyes on opposite ends. 

Placing the quencher dye on the 3' 
cod may also provide a slight benefit in 
terms of hybridisation efficiency, 'Hie 
presence of a quencher attached to an 
Internal nucleotide might be expected to 
disrupt base-pairing and reduce the T m 
of a probe, in fact, a 2"(J-3 n <! ruductiun 
In T m hns been observed for Iwo probes 
With internally oiudied TAMRAs.''" This 
disruptive effect would be minimized by 
placing the quencher at the 3' end, Thus, 
probes with y quenchers might exhibit 
Mightly higher hybridisation efficiencies 
than probes with interna] iiucucheiM. 

The combination of increased cleav. 
age and hybridisation efficiencies means 
that probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use o single 
probe to detect PCK-amplificd products 
from sample* uf different species. Also, It 
mean's that cleavage of probe during PCR 
is less sensitive to ulteraUom in an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage is for allelic discrimination. lie 
ct al. 0> demonstrated that aliele-speclflc 
probes were cleaved between reporter 
and quencher only when hybridized to a 
perfectly complementary target. This al- 
lowed them to distinguish U)c normal 
human cystic fibrosis allele from the 
&FS08 mutant, Their probes had TAMRA 
attached to the seventh nucleotide from 
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figure 3 Kffeei of Mg* ' concentration on RQ raub for the Al series of probes. ibe'fluurtniunita! 
emission intensity al SIR and 282 nm was measured fur solution* containing 50 iim probe, )Q mM 
Tri*-HCl (pH 8.3), 50 rnM Y.C2, and varying amounts (0 10 mM) of MgCI»- The calculated RQ 
ratios (sifl nm intensity divided t>y SK2 nm intensity) are plotted vs. MkQ 2 concentration (him 
Mr). The key (upper right) shows the probes examined. 



dyes used, spacing between reporter and 
quencher dyes, nucleotide sequence 
context effects, presence, oi structure or 
other factors that reduce flexibility of 
the oligonucleotide, and purity of the. 
probe. The second factor is the efficiency 
of hybridization, which depends on 
probe T m , presence of secondary struc- 
ture in probe or template, annealing 
temperature, and other reaction condi- 
tions. The third factor is the efficiency at 
which Taq UNA polymerase cleaves the 
bound probe between the reporter and 
quencher dyes. This cleavage is depen- 
dent on sequence complementarity be- 
tween probe and template as shown by 
the observation that mismatches in the 
segment between reporter and quencher 
dyes drastically reduce the cleavage of 
probe/ 1 * 

't he rise in RQ values for the Al se- 
ries of probes seems to Indicate that the 
degree of quenching is reduced some, 
what as the quencher is placed toward 
the 3' end. The lowest apparent quench- 
ing is observed for probe A1-19 (see Fig. 
3) rather than for the probe where the 
TAMRA is at the 3' end (Ai-26). This is 
'understandable, as the conformation of 
the '$' end position would be expected to 
be less restricted than the conformation 
of an internal position. In effect, a 
quencher ar the 3' end is freer to adopt 
conformations dose to the 5' reporter 
dye than Is an internally placed 
quencher. lk>r the other three sets of 



probes, the interpretation of RQ' values 
is less clear-cut. The A3 probes show the 
same trend as Al, with the 3' TAMRA 
probe having a larger RQ" rhim (lit: in- 
lernai TAMRA probe. For tins VI pair, 
botli probes have about the same RQ 
value. For the P5 probes, the RQ' for the 
3' probe Is less than foi Hie inlcihftlly 
labeled probe, Another factor that may 
explain some of the observed variation Is 
that purity affects the RQ" value. Al- 
though all probes are HPLC purified, a 
small amount of contamination with 
unquenchod reporter can have a large ef- 
fect on RQ . 

Although there may be 0 modest ef- 
fect nn degree of quenching, the posi- 
tion of the quencher apparently can 
have a large effect on the efficiency of 
probe cleavage. The most drastic effect is 
observed with probe Al-Z, where place- 
ment of the TAMRA on the second nu- 
cleotide reduces the efficiency of cleav- 
age to almost zero. Yot the A3, P2, And PS 
probes, ARQ is much greater for the. 3' 
TAMRA probes as compared with the in- 
ternal TAMRA probes. This Is explained 
most easily by assuming that probes 
with TAMRA at the 3' end are more likely 
to be cleaved between reporter and 
quencher than are probes with TAMRA 
attached Internally. For the Al probes, 
the cleavage efficiency of probe Al-7 
must already be quite high, as ARQdocs 
not Increase when the quencher Is 
placed closer to the 3' end. This lllus- 
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tratoi the importance ol beiiift able to 
use probes with a quencher on the 3' 
end in the b' nuclease I'CK assay. In this 
assay, an increase in tho intensity of re 
porter fluorescence Is observed <>n\y 
when the probe is cleaved between the 
reporter and quencher dyes. Uy placing 
the reporter and quencher dye* on tha 
opposite ends of an oligonucleotide 
l?ml»t-, any cleavage that occur* will be 
detected. When the quencher lit attache J 
to iin Internal nucleotide, Msmotlnu's the 
probe works w*ll <,Ai-7) tnA other times 
not *o well (A3-6). The relatively poor 
performance of probe A3-6 presumably 
means the probe is betnn cloavod 3' 1o 
the. quencher rnthcr than between the 
reporter and quencher. Therefore, the 
best chance of having a probe that reli- 
ably detects accumulation of I'CR prod- 
uct In the 5' nuclease VCJt assay Is to use 
a probe with the reporter and quencher 
dyes on opposite ends. 

Placing the qucnchcT dye on the IS' 
end may also provide a slight benefit in 
terms ol hybridization efficiency, The 
presence of a quencher attached to an 
internal nucleotide inighL be expecied to 
disrupt base-pairing and reduce the T m 
of a probe.. In fact a 2*C-3*C reduction 
in T„ has been observed for two probes 
with internally attached TAMRAs. <9) This 
disruptive effect would be minimised by 
placing the quencher at the 3' end. Thus, 
probes with 3' quenchers might exhibit 
slightly higher hybridization efficiencies 
than probes with internal quenchers. 

The combination of increased cleav. 
age and hybridization efficiencies means 
thai probes with 3' quenchers probably 
will be more tolerant of mismatches be- 
tween probe and target as compared 
with internally labeled probes. This tol- 
erance of mismatches can be advanta- 
geous, as when trying to use a single 
probe to detect PCR-amplified products 
from samples of different species. Also, it 
means that cleavage of probe during PCR 
is less sensitive to alterations In an- 
nealing temperature or other reaction 
conditions. The one application where 
tolerance of mismatches may be a disad- 
vantage Is for allelic discrimination. l«e 
et al." 5 demonstrated that ullclc-speclfic 
probes were cleaved between reporter 
and quencher only when hybridised to a 
perfectly complementary target. This al- 
lowed them to distinguish the normal 
human cystic fibrosis allele from the 
AFS08 mutant. Their probes had TAMRA 
attached to the seventh nucleotide from 
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Uim .V end snd wew designed so that any 
mismatches were between the reporter 
and quencher, Increasing the distance 
betwaen reporter and <picnch«r would 
lessen disruptive effect of mis- 

matches and allow cleavage of the probe 
on thi? incorrect target. Thus, probes 
«»l«h a quencher attached to an internal 
nucleotide may still be ucoful for allelic 
rilu-riminatkin. 

In this study lose of quonching upon 
hybridization was used to show that 
quenching by a 3' TAMRA U dependent 
on the flexibility of a single-stranded oli- 
gonucleotide, The Increase in reporter 
fluorescence- intensity, though, could 
alto b* uted to determine whether by. 
brldlzaUon has occurred or nor. Thus. 
oligoauclcoUdcs with reporter and 
quencher dyei attached at opposite ends 
should also be useful as hybridization 
probes. The ability to delect hybridiza- 
tion In real time means that these probes 
could be used to measure hybridization 
kinetics. Also, this type of probe could 1)6 
used to develop homogeneous hyhrtd- 
i ration assays lor diagnostics or other ap- 
plications. Uagwcll Ct al. <10) describe just 
this type of homogeneous assay where 
hybridization of a probe causes an in- 
crease in fluorescence caused by a loss of 
quenching. However, they utilized a 
complex probe design that require* add- 
ing nucleotides to both end* of the 
probe sequence to form two imperfect 
hairpins. The results presented here 
demonstrate that the simple addition of 
a rcporier dye to one end of an oligonu- 
cleotide and a quencher dye to Uic otliui 
end generates a fluorogonic probe that 
can detect hybridization or I'CH atnpllfl- 
ortion. 
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We have developed a novel "real time" quantitative PCR method. Th<: method measure* PCR prodiin 
rccumuTation through a dual-landed fluotogenlc probe (i.c., TaqMan Probe). This method provides : wy 
accurate and reprodudble quantitation of gene copies. Unlike other quantitative PCR methods^ rcal4 me PCR 
does nor require poa-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting Inmuch faster and higher throughput assays. The real-lime PCR method has a very large .dynamic 
range of starting target molecule determination (at least five orders of magnitude). Real-time quantitative 
PCR is extremely accurate and less labor-intensive than current quantitative PCR methods. 



Quantitative nucleic acid sequence analysis has 
had an important rote in many fields of biologi- 
cal research. Measurement of gents expression 
(RNA) has been used extensively In monitoring 
biological responses to various sliniuli Clan et al. 
199-1; Huang el al. I995a,b; Prud'homme et al 
1995). Quantitative gene analysis (DNA) has 
iHtn used to drJei-mirtethe genome quantity of a 
particular gene, as in the case, of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon et al. 1987). Gene and genome 
quantitation (1)NA and UNA) also have been used 
for analysis of human immunodeficiency virus 
(JJJV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Platak ct al. jvwb; 
Fwtado et al. 1995). 

Many methods nave been described for the 
quantitative analysis of nucleic acid sequences 
(both for RNA and DNA; Southern 19 /S; Sharp et 
al. 19K0; Thomas 19HO). Recently, PCR lias 
proven to be a powerful tool for quantitative 
nucleic acid analysis. PCR and reverse transcrip- 
tase (K'fl-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one cell equivalent). This has made ]x>s- 
slblc many experiments lhat could nol hove been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 



that h be used properly for qunntitudon (Uauy- 
maektTS 1995). Many early rejiorts of quantila- 
tivc. PCR and R'l-l'CR described quantitation of 
the PCR product but did not measure, the initial 
target sequence quantity. II is essential to design 
jiroiK-r controls for the quantitation of the initial 
target sequences (Pcrrc 1992; Clomeml et al. 
1 0f>?.) 

Kcvf-urchcrs have developed several methods 
of quantitative PCR ajid RT-PCR, One approach 
measures PCR product quantity in the log phase 
of the reaction before the plateau (Kellogg et al. 
1990; Pang ct a). 1990). This method requires 
that each sample has equal input amounts of 
nucleic aod and that each sample under analysis 
amplifies with identical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tity, such as p-aelln) can be us«d for sample. 
umphTication efficiency normalization. Using 
conventional methods of PCR detection and 
quantitation (gel electrophoresis or plate capture 
hybridization), it is extremely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (for lxilh the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QQ-PCK, has l>ecn developed 
and Is used widely for PCR quantitation. QC-l'CR 
n:lics on lhe inclusion of an Internal control 
competitor in each reaction (Becker-Andre 1991; 
Hatak t:l al. I993»,b). The efficiency of each re- 
action is normalized to the interne! competitor. 
a irnnwn amount of lnt<j"al competitor can be 
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added to each sample. To obtain relative' quant- 
ration, the unknown target PCU product is com- 
pared witlj the known competitor It'K product. 
Success of a quantitative competitive I'CU assay 
relies on developing an Internal raiiml thai am- 
jiiirirt with the same efficiency as the uugel mol- 
vculc. The design of the coxupctitoi and the vali- 
dation of amplification efficiencies icquirc a 
dedicated effort. Huwevcr, because OC^-I^R does 
not require thai puKlucls be analyzed during 
the log phase of (he amplification, it is the easier 
uf the two methods to use. 

Sevens I detection system* uie used for quan 
Utative l'CK and RT-l'Ctt analysis! (1) agarose 
gels, (2) fluorescent labeling of FOR 'products and 
detection with lo,nrr-iiulut:r<l fluorescence using 
capillar)' electrophoresis (Kusco et al. 1995; Wil- 
liams et al. I99<i) or acrylamldc gels, mid (3) jilaie 
capture and sandwich probe hybridization (Mul- 
der el al. *I994). Although these method* pn>v«d 
successful, each merliod requires posl-l'CR ma- 
nipulations That add Time to the analysis and 
may lead lo Jabuiatoty i oiilau'iiuation. The 
sample throughput of these inellmds is limited 
(with lite exception of the plate capture ap- 
proach), ami, therefore, these methods ore not 
well suited fui u.ses demanding high sample 
throughput (I.e., screening of large numbers of 

hiotiiwlts.ul<;s til unalyy.til^ Samples hu diagnos- 
tic* or clinical trials). 

Here we report the development of n novel 
assay for quantitative RNA analysis. The assay is 
l»as<sd on the me of the ,V nuclease assay first 
described by Holland ct al. (199]), The method 
uses the -V nuclease activity of 7W</ polymerase to 
cleave a noncxtcndlblc hybridization prolic dur- 
ing the extension phase of l'CU- The approach 
uses dual-labeled fluorogcnic hybridisation 
probes (Lee ct al. 15>i>3; Jtasslcr ct al. 1995; Uvok 
ct al, l995o,b). One fluorescent dyv jvtvw u» a 
reporter |PAM (i.e., f>carboxyriuorc*ecin)| and its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.e., <i-carboxy-tetramethyl- 
rhodamino). Tlic nuclease degradation of the hy- 
brldi/ainon probe releases the quenching uf Uie 
I'AM fluorescent emission, resulting in an In- 
crease hi peak fluorescent emission at SJB nin. 
The use or a sequence detector (AUi Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the thermal cycler continuously during the 
1*CK amplification. Therefore, the rcuclioiis ojc 
monitored mi real time. The output data is de- 
scribed and quantitative analysis or input target 
I )NA sequences ts discussed below. 



RESULTS 



PCR Product Derecrlon in Re<»l Time 

Hie goal was to develop a high-lhroughpul, sen- 
sitive, and accurate gene quantitation assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plasmld encoding human factor 
VIII gene sequence, pI'STM (see Methods), was 
used as a model ihcra]>outic gene. The essay use* 
fluorescent Taqroun methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AIM Prism 77(10 Sequence Dclcrlor). Hie 
Taqman reaction requires a hybridisation pmhe 
lal>clcd with two different fluorescent dyes. One 
dye Is a reporter dye (I'AM), the other i.< a 1 quench- 
ing dye (TAMRA). When the prol«: is Intact, fluo- 
icsccnl energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA) . During Die extension 
phase of the l'CK cycle, the fluoresce!]! Iiybrid- 
laallon probe Is cleaved by the 5'-.'V nuclcolytic 
oetivity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
sultiiiK h> an increase of the reporter dyu fluores- 
cent emission spectra. PCR primers und probus 
were designed fm the human factor V11J se- 
quence and human p-aotln gene (as deacrilsed in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe and 
magnesium concentration* yielding the highest 
Intensity of re|5ortcr fluorescent signal without 
sacrificing specificity. The Instrument uses a 
ehmgi:. coupled device (i.e., CCD camera) for 
measuring the fluorescent emission speelni from 
.KX) to i*i50 nm. Kach IK'.Il lube was monitored 
sequentially for 25 msec with continuous moni- 
toring throughout the mii|>lificrtlioii. Uach lube 
was re-examined every 8.5 see. Computer soft- 
ware, was designed t<i examine the fluorescent' In- 
tensity of both the reporter dye (I'AM) and 
the quenching dye (TAMRA). The lluoresecnt 
intensity of the quenching dye, TAMRA, changes 
very Utile over the course of the PCR amplifi- 
cation (data not shown). Therefore, the Intensity 
of TAMRA dye emission serves as an internal 
.itondard with which U» norntullye the reporter 
dye. (I ! AM) emission variations. The software cal- 
culates a value termed ARn (or ARQ) using the 
following equation: ARn - (Rn J ) (nu"), wlicre 
Un 4 . ■ emission intensity «>i reixwter/eihission in- 
tensity of quencher al any given time In o reae 
Hon tube, ami Ru - emission intensitily of re- 
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porter/em isslon Inu-miiy i»f quencher measured 
prior to 1'CK amplilicalioii in I hat same reaction 
tulxr. lor the purpose of quantitation, the Um 
three data points (ARns) cnllcvtetf during the. ex- 
tension step for each ]'(.:K cycle were analyzed. 
Tlic nudeolytic degradation of the. iiyurK.ii/.aiioii. 
probe occ urs during the extension phase or I'tat, 
and, therefore, reporter fluorescent eniisMun in- 
creases during this time. 'Hit: ilncu data points 
were averaged for each l\^k cycle and the mean 
value for each w«s plotted in an "amplification 
plot" shown In J'iflurc JA. The AKn rneaii value is 
plotted on the j'-axis, and time, represented l>y 
cycle number, is plot led on thvx-axis. During the 
early cycles «f the PC.lt amplification, the ARn 



value remains at base line When sufficient hy- 
bridiz-ollon probe h.'iS been cleaved by Uie Tmi 
polymerase nuflftAfic activity, tli« intensity of ro- 
porU-c flxiorcAccni emission lncreusct.. Most K.'R 
ainplirn.*«)ons reach i» plateau phoite of reporter 
fluores.ev.nl emission tf tbe reaelitm Is carried out 
to high cycle ijujiiK-in- The amplifirallon plot ii 
exHiiiiiuid vaily in lh« reaction, ut a point lhat 
■ (.-presents iln« log ph««' of pruducl arnrmula* 
tion. This Is done by assigning an aibiUary 
threshold tuui is based on the variability of the 
ba.w-line dau. In Figure 1 A, the Ihmshold whs sci 
at 10 standard deviations above, the me:m of 
base lln<i emission calculated from 1 lo 1 5. 

Once the threshold Is chosen, the point at which 
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Flqure 1 PCR product detection in real time. (A) The Model 7700 software will consiruct amplification iplots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification plot, c, , values are 
calculated by determining the poini at which the fluorescence exceeds a threshold limit (usually 10 times me 
standard deviation of the base line). <B) Overlay of amplification plols of serially (1 :Z) dli ute d I human genomic 
DNA samples amplified with S-actin primers. (Q Input DNA concentration of the samples plotted versus t*. All 
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the amplification plot crosses the threshold'is di j 
fined as C,. C, is reported as the cycle number ;« 
this -point. As will be dc-monstrut«d> I hit .value 
1» pieQi<~iiv<: of the quantity of input target. 

Cf Values Provide a Quantitative Measurement . of 
Input Targer Sequences 

Figure IR shows amplification plot* of 3 i» 'ili1rT«sv- 

ent PGR amplifications overlaid. The ampli&tu- 
Hons were performed on a 1:2 serial dilution -ta 
human genomic 1WA. The amplified target w:u 
human (J actln. The. amplification plohs xhifl to 
the right (to higher threshold cycles) ns the input 
largot quantity is reduced. This is expected ho- 
cauxu TOHCtiortK with fewer starting eopim of tllO 
largei molecule require greater amplification to 
degrade enough probe to attain the Threshold 
fluorescence. An arbitrary threshold of JO stan- 
dard deviations above the base line was used to 
determine trie O r values. Figure 1C represents the 
C r values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
VC.R amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C r values decrease linearly with Increas- 
ing target quantity. Thus, c; r valuta can be used 
as « quantitative measurement of the input target 
number. It should be noted that the amplifica- 
tion plot for the 15.6-ng sample shown In Plgurc 
lfi does not reflect the same fluorescent rate of 
increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves endpolnt pla- 
teau at a lower fluorescent value than would be 
expected based on the input UNA. This phenom- 
enon has been observed, occasionally wiili other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated C, value as 
demonstrated by the fit on the line shown in 
Figure: 1 C. All triplicate amplifications resulted it) 
very similar C,- values — the standard dirviarion 
did ntn exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescein emission intensity for 
quantitation. The linear range. oi lluorcsccnl in- 
tensity measurement of the AMI I'rlsm 7700 J>e- 
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ments over n very large r;ni}»c nf relative ciarMiifi' 
target quantities. 

Sample Preparation Validation 

Several parameters influence the cnielenry nf 
PC'.R amplification: magnesium and salt concen- 
trations, reliction conditions (i.e., time and le.m- 
pe.rulure)i PCM target size and composition, 
primer sequences, and sample purity. All of the 
above factors are common to a single I'CK assay, 
except sample to sample purity. In an effort to 
validate the method of sample preparation for 
the factor Vlll assay, PCRamplitiCtition reproduc- 
ibility and oil'Jciency ol 10 replicate sample 
preparations were examined. After genomic DNA 
was prepared from the 10 replicate samples, the 
DNA was quantltaied by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gem: content ill 100 and 25 nj; of total genomic 
UNA. Each I'CK amplification was performed in 
triplicate. Comparison of C r values for each trip, 
iicate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Table I). Therefore, each ol the triplicate PCR 
amplifications was highly reproducible, demon- 
strating that real time PCK using this instrumen- 
tation introduces minimal variation Into the 
quantitative J'CK analysis. Comparison of tbe 
mean C n values of the 10 replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for (t-aclin gene quantity. The highest (> 
difference between any of the samples was 0.K5 
and 0.73 for the 100 and 25 ng samples, respec- 
tively. Additionally, the amplification of each 
sample exhibited an equivalent rate of fluoro 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from the sample dilutions (Fig- 2). 
Any sample containing an excess of a PCX inhibi- 
tor would exhibit a greater measured (3-actln O r 
valuc for a given quantity of DNA. In addition, 
the Inhibitor would be diluted along with the 
sample in the dilution analysis (Hg. 2), altering 
the expected C,- value change. Each sample am- 
plification yielded a similar result in the analysis, 
demons!™ ting that this method of sample prepa- 
ration is highly reproducible, whh regard to 
sample purity. 

Quantitative Analvsis of a Plasmid After 

yricR nai «»>R wj «c:fcT 7f»nr/cn/7T 
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Table 1 . Roproduelblltty of Samplo Preparation Method 



Samplo 
no. 



8 
9 
10 

Mean 



100 ng 



standard 
mean deviation 



CV 



18.24 

18.23 

18.33 

18.33 

1 8.35 

1R.44 

18.3 

18.3 

18.42 

18.15 

18.23 

18.32 

18.4 

18.38 

18.46 

18.54 

18.67 

19 

18.2B 

18.36 

18-52 

18.45 

1B.7 

18.73 

18.18 

18.34 

18.36 

18.42 

18.57 

1 B.66 

0 10) 



10.27 0.06 

18.17 0.06 

18.34 0.07 

1 8.23 0.08 

1U.42 0.04 

18.74 0.24 

18.39 0.12 

18.63 0.16 

18.29 0.1 

18.55 0.12 

18.-12 0.17 



0.32 

0.32 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.55 

0.65 
0,90 



25 ng 



mean 



20.48 

20.55 

20.S 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.6S 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



20.03 



20.68 

20.86 

20.51 

20.73 
20.66 



standard 
deviation 



20.51 0.03 



70.54 0.1 1 



20.54 0.06 



0.05 



20.73 0.13 



21.06 0.03 



0.04 

0.12 

0.07 

0.1 
0.19 



cv 

0.17 

0.54 

0,26 

0.26 

0.61 

0.15 

0.2 

0.57 

0.32 

0.16 
0.94 



(or containing a partial cDNA for human factor 
vni, pi-8TM- a scries of transactions was sot 
up using a decreasing amount of the plasmid v (40, 
A, 0.5, and O.l u.g). TwtMlly-four hours post- 
transfei-iion, total T5NA was purified from t:arh 
flask of crib. p-Ai liu gene quantity was chusci i a* 
a value for iiormali/-.aiiiui or ^cminiic. DNA con- 
centration from trnt.li sample. In this cxpeiimviit, 
(l-actin gene content should remain constant 
relative to total genomic DNA. Figure 3 shows the 
result of (he p-actln DNA measurement (100 ng 
total DNA determined hy ultraviolet spectros- 
copy) 01 eath sample. Kach sample was analyzed 
in triplicate and the mean p-actin values of 
the triplicates were, plotted (error bars represent 
>o H«n>iai ion i "I h#» rtlpitpsr iiiffrrrnrr 



bvtvw«wi any two s&mplo moans was 0.«»S C,- Ten 
nanograms of total DNA of each sample were also 
rxaiulrictd for p-actln. The results again showed 
that very similar amounts of genomic DNA were: 
present; 'the. maximum mean fi actin <":, value 
difference wa* 1.0. As Figure 3 shows, the rate of 
P-actiti G r change between the 100 and 10-ng 
sojnx>1es was similar (slope values rang« hwtwoon 
3.56 and -3.45). This verifies again thai I his 
method of sample prqjarailon yields samples of 
identical PCR integrity (i.e., no sample contained 
an excessive ainounl of a PCft Inhibitor). How- 
ever, these results indicate that caell sample con 
talned slight diffciences in the actual amount of 
genomic DNA aualy/cd. Determination of actual 
Buijuinic »>NA concentration was accomplished 
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Figure 2 Sample preparation purity. 1 he replicate 
samples ihown In Table 1 wore also amplified In 
tripicate using 25 ng of each DNA sample. The fig- 
uifc shows die input DNA concentration (100 and 
25 ng) vs. C, In lirjiir*. 1hp TOO and 75 ng 
points for each sample are connected by a line. 



by plot ling the mean fJ-actio C, value obtained 
for each lOOng MlinpJv on •» fi-actln standard 
v.-uive (shown In J'ig- 40). The actual genomic 
DNA concent ra<l«»» <>f each sample., «, was ob 
talncd by extrapolation 1«> tin.- x-uxis. 

Figure 4A shows the measured (I.e., iwrt> 
normalised) qua n lilies of factor VJJJ plnKinid 
DNA'(ureTM) from each of the four transient cell 
tnm>f«clions. Each reaction contained 100 ng Of 
total sample UNA (as determined by UV spectros- 
copy), lvach sample was analyzed in triplicate 
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Figure % Analysis of liansfectcd cell DNA quantity 
and purity. I he DNA preparations of the lour 293 
cell transections (40, 4, 0.5, and 0.1 u.g of pF8TM) 
were analysed for the 3-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8Tfv1 that was transfectcd, the B-aciln 
C x values are plotted versus the total Input DNA 



PC Jt .-rtnplificatiuDS. As shown, pI-8'I*M purified 
t fune Jtie 203 cells decreases (mean C, values in- 
cniiu^j with decreasing amounts of pla«mid 
,iruitilH.lCd. Thy mean C x values obtained for 
prVTM in T-lgurc 4A were plotted on a standard 
curve oc«mprl»«d uf scilally diluted pK8TM, 
shown .in figure 4B. The quantity oJ pl-KTM, b, 
found in each of the four transections was de- 
termined by extrapolation to the x axlfc of the 
standard curve In l'iguro 4B. These uncorrected 
values, b, for pMTl'M were normall^d io deicr- 
inine the actual amount of pl'8TM found 100 
ng of genomic DNA by using the equation:. 

/> X 10 0 ng uclnal pl-TiTM copies per 
~ a r 100 ng of genomic DNA 

where a •- actual- genomic DNA in u sample and 
b pl : H'fM copies from the standard curve, 'lite 
normalised quanUty of pl'8TM per 100 ng of ge- 
nomic DNA for each 6/ the four tr.msfcaloiw Is 
shown In Figure 'Hiesc results .-show mat the 
quantity of factor Vlll plasmld associated wiili 
the 29.1 cells, 21 lir after irunsfv.:v.li«"i, uet.iiuises 
with decreasing pjHsnml uiiii.ttiuiauou used In 
the traiisfcction. The quantity of pl'8'l'M associ- 
ated wiih 293 cells, after trunsfectlon with 40 ug 
of piiiNinid, was 35 pg per 100 ng genomic DNA. 
Tills results in -520 plasmld copies per cell. 



DISCUSSION 

Wo have described a new uietbod for quantilni- 
ing gene copy numbers using real-time analysts 
of PCJR amplifications. Real-time PCX is compat- 
ible with cither of the two PCK (l(T-PCR) ap- 
proacho: (1) quanlllative com(«:iiiivi; where an 
tiilciiial competitor for each tarset sequence is 
used for norroalii'.o.tlon (dalo not shown) or (2) 
quantitative comparative PCK us}»{j a uuuiKilizci- 
tion gcue conloined within the sample (i.e., p-ac- 
tin) or a "housttkeeping" gene for RT-PCK. If 
equal amounts of nucleic add arc analyzed for 
each sample ami if the amplification effitiwu-.y 
before quantitative analysis identical for each 
sample, the Internal conlml (n«rmnli«»1it>ii gene 
or competitor) should give equal Mgnals for all 
samples. 

The real-time PCU method offers scvenil ad- 
vantages over the other two mclhodx currently 
employed (see the tntroduclion). l-'irsl, the real- 
timt; PCR method is performed in a closed-tube 
system and requires no post-PCK manipulation 

f r» f» O rtAI 0».O TTV.T ftn*r»T 7A(l7 / f* f\ '/ V T 
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Figure 4 Quantitative- analyst of pF8TM in transacted cclli. (A) Amount of 
plasmid DMA used for the trumfectlon plotted against Uie mean value deter- 
mirwd for prSTM remaining ^ hr after (rcnsfectlon. (0>C) Standard curves of 
ppftTM and (J-acdn, respectively. pr8TM ON A <fl) and genomic t>NA (Q were 
diluted tarlally 1 :i before Amplification with the appropriate primers. The p-aclin 
standard curve wa* usod to normalise the results of /Uo 1 00 ny of genomic DNA. 
(0) The amount of pF8TM present per 1 00 ng of genomic DNA. 



of sample. Therefore, (he potential for rCR con- 
tamination in the laboratory is reduced because 
amplified products can lie. analysed and disponed 
of without opening tlu' ruaction tubes. Second, 
(his method suppoiU the us« of a normalisation 
gene (i.e., p-acfin) for quantitative PCR or house- 
keeping genes for quantitative RT-1'CK controls. 
Analysis Js performed in real time during the Jog 
phase of product accumulation. Analysis during 
)ok phase permits many different genes (over a 
wide input target range) to be analy/cd simulta- 
neously, without concern of reaching reaction 
plateau at different cycle*. Tiiis will make iiiulll- 
gene analysis assays much caMe-i to develop, be- 
cause individual internal cumpelllois will not be 
needed for each gene under analysis. Third, 
.-Kiuipic throughput will iuiicaM; diaiiialicalh/ 
with the new method lxeausc theve is no |x«t- 
PCR proccuiing time. Additionally, winking In a 
formal Is highly compatible with auto> 
niittion technology. 

The real-time PCR method ij. liighly repro- 
ducible. Replicate, amplifications can be analyzed 



for «-ach sample minimlieing ]x>tentlal error. The. 
.sysUiin allow* for a very large assay dynamic 
range (approaching 1,000,000-fold .starting Ui> 
gel). Ualiig u Mamlord curve for the. target of in- 
tvivst, rduTlve copy' number values can be dcicr- 
mlnc.d for any iiiikrt.uw.ii Maniple, fluorescent 
threshold values, C r> conrJair. linearly with rela- 
tive DNA copy numbers. Real time quantitative 
HT-PCK methodology (O'lbson et al v this l.wuft) 
has also becm developed, finally, real lime quan- 
titative PCR methodology can be used to develop 
high-throughput screening assay* for a variety of 
applications [quantitative gene CApiea&ioii (RT- 
rCR), gene copy u.»p (Mcr2, 111V, etc.), jgeno- 
typlng (knockout mouse, analysis), and Immuiur- 
PCUJ. 

Real-time TCAl may al.to Ik performed using 
intercalating dyes (Hlguchi ci al- l!W.) such as 
eiJiidinm bromide. The fluorogenic prohe 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dimvrs and mmspedflc POR products art-, not de-.- 
mned). 
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METHODS 

Generation of <t Plasmld Containing a Partial 
cDNA for Human Factor YIII 

Total RNA Y»a» hurvested (UNA*"! If <r«ni Tel Test, " ,e -» 
r r>C«dSwOOd, TX) from ceili- iKutrfecled with o factor VIII 
fK]iit»!duii vector, (Katun el nl. WHO; Gor- 

man et al. 1900). A factor VIII i»rtlal cl>NA serpietuv WOS 
^.iwrntod by. MX KM« ICiciioAmp la t'l'lh ItNA ITJl Kll 
(part N8OK-0V/9, l'li Applied Uiosysicms, l*oslci ('My, <.'J\)l 
Using the I'CU jiriuiuri PHfor m«l l-Hrev (prinu-r sequences 

arc shown below). The am pi icon was reamplified using 

modified l-nfor and l*rcv primers (appended with 

and //mcllll reslrlcllon site sequences »i the V epd> and 

Cloned Into |Kil'.M- 3Z (Promrgu Corp., Maduou, Wl). The 
rcsulllnKclonr, pPSTM, was used Uir transient transfectlon 
of 293 cells. 



Amplification of Target DNA ami Dulecilon or 
Amplicon Factor VIII Mastoid DNA 

(pl-"8TM) was MinpIlfuM with the jmm.k-is l-TWor 5'-<:<;<:- 
<!T(l(H^\AliAU:itJA(XilCiTC.-3' and l ! »rev .V-AAA<:crr- 
t :AGCXnXKiATCiUTA( , iCi-3'.'r1ii: rvnclhui produced H 422- 
up ki':k product. TW 1 forwurd ]jriiiK*r was designed to i»' 
ogutxe it uiilipiv M'lpii'tm- finuid In the 5' untranslated 
region of tli« paieiit uC152,tk2SI> plo.MiiiO ami ihctcfore 
does not ivia'K"l* u amplify lite human factor VIII 
gene. Crimnrs woro chosen with the assistance of llw com- 
puter program Oligo (Nutiimul Uiu.tcionccs, Inc., Ply. 
mouth, MN). The human p-actln gene was amplified with 
the primers U-tu-lio forward primer S ' TCACOCACAt :r< !T 
CCCCATC~VM:CA-3' and fi-actiu reverse piimcr .S'-CAtJ- 

C0GAACCX;tri'<:AiT(»c:(^ATGG-3'. The reaction pro- 
aueeci a ZVS'np eCk product. 

Amplification reactions (SO |U) coiiiaiiu'd a DNA 
sample, 10X PCU Huffv.r II (.S p.1), 200 jam dATP, dC.TP, 
dGTP, and <K10 p.M riUTP, 4 mM MgCI,, 1.2.S Hulls Ampll 
Tat) PNA polymerase, 0.5 unit AmpKrnsc uracil fV-fiiy- 
mmvIuxv (UNC), 50 pinok- of eoch faciei VIII jvlinci, nnd 1S 
pinole of utti'.h |t actio piliner. Th« icactloiM, »1mi txinlttlncc] 
one of the following; detection pmiM-x (I<hj nu mcli)> 
jfttjiroiic <>'(!'AW)Ac:cri , <rj , c:c:AC(:Tficrn , (:'rrrt:T<;'r. 

GCOTT(TAMRA)p 3' «ud p-nctui probe 5' (TAM)ATO'CU:c:- 
X(TAMRA)CCCCCATClt~CATCp-.1* wlirrr p indicates 
phonphnrylAliort nnd X indicates a linker arm nucleotide. 
Reaction Mh.\i wrn- MicroAntp Optical TuIks (part AUm- 
herNKOI 09.13, Perkln Umer) That wt»rvfrusu>d (at IVrfclo 
rimer) to prevent ligiil from reflecting. 'I\ibc cops were 
similar tn MicroAmp t;nj» hul specially desiftned to pre- 
vent UrIiI sent tering. All ol lh<- IK in ifemAuinhhtv* wero su>>- 
l<li«d l«y PK Applied lUosy^t^ms (I'-ojU-r C'My, CA) except 
the factor Vlll prltuers, wliklt wen- syrtdicslzcd at Ccmvm 
lech, Inc. (South f.«n lVoocIseo, CA). ProUes wen- d«l(4n«l 
uxlng the Oljfif.i 4.0 software, following guidelines 

S«ieo in tnc Model 7700 .sequence l>ct«tor tii,niiu»m-iil 
manual. Hrlcily, probe T„ >lnmUt I* fll least 5"C l)l«her 
than fhf aniK-ulltiK leiupf«il«rc used durliifi iln rmul cy- 
rlttig; primers should not foim M«hle duplexes' with (he 
probr. 

The tliernidl ••ycllng eonditloivs Included 1 mill »1 
50"f: and 10 min at 95 a C. Tlico-ioal cycling proceeded with 
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reactions were perfomivd '«» Model 770(1 .Sc-qucna* IV- 
Inlor (I'li Applied Ulusystvuiv), uihlrh coiuxUis a Ccnr- 
Anip It'IU System POOO. l«;a«:tlon condition^ won- pro- 
Brutiiim.il un u I'www M«cinti>«l> V10(t (Apple t>.«iipii«rr, 
Santa Qara, t^\) linked dirvtiiy to the Model '/V(K> S>-- 
quenw iKiloetor. Aita»y»U *>f data w»« aliio iw-rformt-d on 
the Mm-Utosh oompviter. f junction and HiialydK coflwarc 
wtis developed M l*K Applud Itlosystunis. 

Tramfection of Cells with Factor Vlll Coiisirucl 

l-ourT17S Oasks of 293 cells (AT«: C^Rl. 157:t), a tiuman 
fetol kidney suspension cell line, wvrv |)«iwn to R0"M> con- 
lluency and tr«n(fect«d plWl^M. Cells were grown In (lu> 
rollowlttg medio; S(>% HAM'S V\2 without GUT, 50% lowi 
glucose Hulpcwn's inodlflrd KoxIcmedUiin (l)MIiM) with- 
<nn glyrint! wiUi sodium bicarbtHiate, 10% letal tiovine 
scruifi, 2 him L-j«lul«iriinc, and 1% penicilliit-strcptoniy- 
ihi. 'Hie media was «Ji»n(,'cd 30 rain hefo«- Hk- Iran dec 
lion. pi'UTM Wa amounts of 40, 4, OA, and 0.1 pi; were 
iidilwl it> 1..S ml of a solution containing O.izs m CUiCI^ 
and 1 x MW'liS. The four wixhirt-s wore left al room tein- 
pemtun- U„ it) mln and th.eu addv>l dmpwtac- to liie ceils. 
"Hie fl»»)i* wvie inuut^itcd at 37°C and 5. 5 «. < :Oj f<" 24 hf. 
•vtishcd with I'itS, .•"■«! roAuspcndcd In PBS. Tho temiM 
jn-mUtd cells were divided into »lit|uo(» und UNA was ex- 
tracted Immediately using the QIAamp K'oml Kit (Qlafien. 
antt»m>rth, <.V>), l>NA w«s c.lultd Into 200 p.1 ol 30 i«u 
Trls-llCJol pll«.0. 
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ABSTRACT Wnt family members are critical to many 
developmental processes, and components of the Wnt signal- 
ing pathway have been linked to tumorigenesis in familial and 
sporadic colon carcinomas. Here we report the identification 
of two genes, WISP-1 and WISP-2, that are up-regulated in the 
mouse mammary epithelial cell line C57MG transformed by 
Wnt-1, but not by Wnt-4. Together with a third related gene, 
WISPS, these proteins define a subfamily of the connective 
tissue growth factor family. Two distinct systems demon- 
strated WISP induction to be associated with the expression of 
Wnt-1. These included («) C57MG cells infected with a Wnt-1 
retroviral vector or expressing Wnt-1 under the control of a 
tetracyline repressible promoter, and (h) Wnt-1 transgenic 
mice. The WISP-1 gene was localized to human chromosome 
8q24.1-8q24.3. WISP-1 genomic DNA was amplified in colon 
cancer cell lines and in human colon tumors and its RNA 
overexpressed (2- to > 30-fold) in 84% of the tumors examined 
compared with patient-matched normal mucosa. WISPS 
mapped to chromosome 6q22-6q23 and also was overex- 
pressed (4- to > 40-fold) in 63% of the colon tumors analyzed. 
In contrast, WISP-2 mapped to human chromosome 20ql2- 
20ql3 and its DNA was amplified, but RNA expression was 
reduced (2- to > 30-fold) in 79% of the tumors. These results 
suggest that the WISP genes may be downstream of Wnt-1 
signaling and that aberrant levels of WISP expression in colon 
cancer may play a role in colon tumorigenesis. 



Wnt-1 is a member of an expanding family of cysteine-rich, 
glycosylated signaling proteins that mediate diverse develop- 
mental processes such as the control of cell proliferation, 
adhesion, cell polarity, and the establishment of cell fates (1, 
2). Wnt-1 originally was identified as an oncogene activated by 
the insertion of mouse mammary tumor virus in virus-induced 
mammary adenocarcinomas (3, 4). Although Wnt-1 is not 
expressed in the normal mammary gland, expression of Wnt-1 
in transgenic mice causes mammary tumors (5). 

In mammalian cells, Wnt family members initiate signaling 
by binding to the seven-transmembrane spanning Frizzled 
receptors and recruiting the cytoplasmic protein Dishevelled 
(Dsh) to the cell membrane (1, 2, 6). Dsh then inhibits the 
kinase activity of the normally constitutively active glycogen 
synthase kinase-3/3 (GSK-3/3) resulting in an increase in 
/3-catenin levels. Stabilized j3-catenin interacts with the tran- 
scription factor TCF/Lefl, forming a complex that appears in 
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the nucleus and binds TCF/Lefl target DNA elements to 
activate transcription (7, 8). Other experiments suggest that 
the adenomatous polyposis coli (APC) tumor suppressor gene 
also plays an important role in Wnt signaling by regulating 
/3-catenin levels (9). APC is phosphorylated by GSK-3/3, binds 
to /3-catenin, and facilitates its degradation. Mutations in 
either APC or /3-catenin have been associated with colon 
carcinomas and melanomas, suggesting these mutations con- 
tribute to the development of these types of cancer, implicating 
the Wnt pathway in tumorigenesis (1). 

Although much has been learned about the Wnt signaling 
pathway over the past several years, only a few of the tran- 
scriptionally activated downstream components activated by 
Wnt have been characterized. Those that have been described 
cannot account for all of the diverse functions attributed to 
Wnt signaling. Among the candidate Wnt target genes are 
those encoding the nodal-related. 3 gene, Xnr3, a member of 
the transforming growth factor (TGF)-/3 superfamily, and the 
homeobox genes, engrailed, goosecoid, twin QCtwn), and siamois 
(2). A recent report also identifies c-myc as a target gene of the 
Wnt signaling pathway (10). 

To identify additional downstream genes in the Wnt signal- 
ing pathway that are relevant to the transformed cell pheno- 
type, we used a PCR-based cDNA subtraction strategy, sup- 
pression subtractive hybridization (SSH) (11), using RNA 
isolated from C57MG mouse mammary epithelial cells and 
C57MG cells stably transformed by a Wnt-1 retrovirus. Over- 
expression of Wnt-1 in this cell line is sufficient to induce a 
partially transformed phenotype, characterized by elongated 
and retractile cells that lose contact inhibition and form a 
multilayered array (12, 13). We reasoned that genes differen- 
tially expressed between these two cell lines might contribute 
to the transformed phenotype. 

In this paper, we describe the cloning and characterization 
of two genes up-regulated in Wnt-1 transformed cells, WISP-1 
and WISP-2, and a third related gene, WISPS. The WISP genes 
are members of the CCN family of growth factors, which 
includes connective tissue growth factor (CTGF), Cyr61, and 
nov, a family not previously linked to Wnt signaling. 

MATERIALS AND METHODS 

SSH. SSH was performed by using the PCR-Select cDNA 
Subtraction Kit (CLONTECH). Tester double-stranded 

Abbreviations: TGF, transforming growth factor; CTGF, connective 
tissue growth factor; SSH, suppression subtractive hybridization; 
VWC, von Willebrand factor type C module. 
Data deposition: The sequences reported in this paper have been 
deposited in the Genbank database (accession nos. AF100777, 
AF100778, AF100779, AF100780, and AF1 00781). 
tTo whom reprint requests should be addressed, e-mail: diane@gene. 
com. 
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cDNA was synthesized from 2 fig of poly(A) + RNA isolated 
from the C57MG/Wnt-1 cell line and driver cDNA from 2 jig 
of poly(A) + RNA from the parent C57MG cells. The sub- 
tracted cDNA library was subcloned into a pGEM-T vector for 
further analysis. 

cDNA Library Screening. Clones encoding full-length 
mouse WlSP-1 were isolated by screening a AgtlO mouse 
embryo cDNA library (CLONTECH) with a 70-bp probe from 
the original partial clone 568 sequence corresponding to amino 
acids 128-169. Clones encoding full-length human WISP-1 
were isolated by screening AgtlO lung and fetal kidney cDNA 
libraries with the same probe at low stringency. Clones en- 
. coding full-length mouse and human WISP-2 were isolated by 
screening a C57MG/WM-1 or human fetal lung cDNA library 
with a probe corresponding to nucleotides 1463-1512. Full- 
length cDNAs encoding WISPS were cloned from human 
bone marrow and fetal kidney libraries. 

Expression of Human WISP RNA. PCR amplification of 
first-strand cDNA was performed with human Multiple Tissue 
cDNA panels (CLONTECH) and 300 txM of each dNTP at 
94°C for 1 sec, 62°C for 30 sec, 72°C for 1 min, for 22-32 cycles. 
WISP and glyceraldehyde-3-phosphate dehydrogenase primer 
sequences are available on request. 

In Situ Hybridization. 33 P-labeled sense and antisense ribo- 
probes were transcribed from an 897-bp PCR product corre- 
sponding to nucleotides 601-1440 of mouse WISP-1 or a 
294-bp PCR product corresponding to nucleotides 82-375 of 
mouse WISP-2. All tissues were processed as described (40). 

Radiation Hybrid Mapping. Genomic DNA from each 
hybrid in the Stanford G3 and Genebridge4 Radiation Hybrid 
Panels (Research Genetics, Huntsville, AL) and human and 
hamster control DNAs were PCR-amplified, and the results 
were submitted to the Stanford or Massachusetts Institute of 
Technology web servers. 

Cell Lines, Tumors, and Mucosa Specimens. Tissue speci- 
mens were obtained from the Department of Pathology (Uni- 
versity of Pittsburgh) for patients undergoing colon resection 
and from the University of Leeds, United Kingdom. Genomic 
DNA was isolated (Qiagen) from the pooled blood of 10 
normal human donors, surgical specimens, and the following 
ATCC human cell lines: SW480, COLO 320DM, HT-29, 
WiDr, and SW403 (colon adenocarcinomas), SW620 (lymph 
node metastasis, colon adenocarcinoma), HCT 116 (colon 
carcinoma), SK-CO-1 (colon adenocarcinoma, ascites), and 
HM7 (a variant of ATCC colon adenocarcinoma cell line LS 
174T). DNA concentration was determined by using Hoechst 
dye 33258 intercalation f luorimetry. Total RNA was prepared 
by homogenization in 7 M GuSCN followed by centrifugation 
over CsCl cushions or prepared by using RNAzol. 

Gene Amplification and RNA Expression Analysis. Relative 
gene amplification and RNA expression of WISPs and c-myc in 
the cell lines, colorectal tumors, and normal mucosa were 
determined by quantitative PCR. Gene-specific primers and 
fluorogenic probes (sequences available on request) were 
designed and used to amplify and quantitate the genes. The 
relative gene copy number was derived by using the formula 
2 (Act) where ACt represents the difference in amplification 
cycles required to detect the WISP genes in peripheral blood 
lymphocyte DNA compared with colon tumor DNA or colon 
tumor RNA compared with normal mucosal RNA. The 
d-method was used for calculation of the SE of the gene copy 
number or RNA expression level. The W/SP-specific signal was 
normalized to that of the gIyceraldehyde-3-phosphate dehy- 
drogenase housekeeping gene. All TaqMan assay reagents 
were obtained from Perkin-Elmer Applied Biosystems. 

RESULTS 

Isolation of WISP-1 and WISP-2 by SSH. To identify Wnt- 
1-inducible genes, we used the technique of SSH using the 



mouse mammary epithelial cell line C57MG and C57MG cells 
that stably express Wnt-1 (11). Candidate differentially ex- 
pressed cDNAs (1,384 total) were sequenced. Thirty-nine 
percent of the sequences matched known genes or homo- 
logues, 32% matched expressed sequence tags, and 29% had 
no match. To confirm that the transcript was differentially 
expressed, semiquantitative reverse transcription-PCR and 
Northern analysis were performed by using mRNA from the 
C57MG and C57MG/Wnt-1 cells. 

Two of the cDNAs, WISP-1 and WISP-2, were differentially 
expressed, being induced in the C57MG/ Wnt-1 cell line, but 
not in the parent C57MG cells or C57MG cells overexpressing 
Wnt-4 (Fig. 1 A and B). Wnt-4, unlike Wnt-1, does not induce 
the morphological transformation of C57MG cells and has no 
effect on 0-catenin levels (13, 14). Expression of WISP-1 was 
up-regulated approximately 3-fold in the C57MG/Wnt-1 cell 
line and WISP-2 by approximately 5-fold by both Northern 
analysis and reverse transcription-PCR. 

An independent, but similar, system was used to examine 
H7SP expression after Wnt-1 induction. C57MG cells express- 
ing the Wnt-1 gene under the control of a tetracycline- 
repressible promoter produce low amounts of Wnt-1 in the 
repressed state but show a strong induction of Wnt-1 mRNA 
and protein within 24 hr after tetracycline removal (8). The 
levels of Wnt-1 and WISP RNA isolated from these cells at 
various times after tetracycline removal were assessed by 
quantitative PCR. Strong induction of Wnt-1 mRNA was seen 
as early as 10 hr after tetracycline removal. Induction of WISP 
mRNA (2- to 6-fold) was seen at 48 and 72 hr (data not shown). 
These data support our previous observations that show that 
WISP induction is correlated with Wnt-1 expression. Because 
the induction is slow, occurring after approximately 48 hr, the 
induction of WISPs may be an indirect response to Wnt-1 
signaling. 

cDNA clones of human WISP-1 were isolated and the 
sequence compared with mouse WISP-1. The cDNA sequences 
of mouse and human WISP-1 were 1,766 and 2,830 bp in length, 
respectively, and encode proteins of 367 aa, with predicted 
relative molecular masses of =40,000 (M, 40 K). Both have 
hydrophobic N-terminal signal sequences, 38 conserved cys- 
teine residues, and four potential N-linked glycosylation sites 
and are 84% identical (Fig. 2A). 

Full-length cDNA clones of mouse and human WISP-2 were 
1,734 and 1,293 bp in length, respectively, and encode proteins 
of 251 and 250 aa, respectively, with predicted relative molec- 
ular masses of «=27,000 (M r 27 K) (Fig. 2B). Mouse and human 
WISP-2 are 73% identical. Human WISP-2 has no potential 
N-linked glycosylation sites, and mouse WISP-2 has one at 



CS7MQ 



WISP-1 • 



W1SP-2- 



p-aeUn- 



Fig. 1. WISP-1 and WISP-2 are induced by Wnt-1, but not Wnt-4, 
expression in C57MG cells. Northern analysis of WISP-l (A) and 
WISP-2 (B) expression in C57MG, C57MG/Wnt-1, and C57MG/ 
Wnt-4 cells. Poly(A) + RNA (2 tig) was subjected to Northern blot 
analysis and hybridized with a 70-bp mouse WWP-V-specific probe 
(amino acids 278-300) or a 190-bp H75/'-2-specific probe (nucleotides 
1438-1627) in the 3' untranslated region. Blots were rehybridized with 
human 0-actin probe. 




Cell Biology, Medical Sciences: Pennica et al. 



Proc. Natl. Acad. Sci. USA 95 (1998) 14719 



=z a;CT;.:;;;:CTQEI]:O..Gg 

I Kil ; .BP D uama 



— — — CTDutW 

«— - -i " ^ : im 

imomMM m l - I I I 



, aquJ^ 1 KH-'-BTIKmw 

VWCU. : 



Fig. 2. Encoded amino acid sequence alignment of mouse and 
human WISP-1 (A) and mouse and human WISP-2 (B). The potential 
signal sequence, insulin-like growth factor-binding protein (IGF-BP), 
VWC, thrombospondin (TSP), and C-terminal (CT) domains are 
underlined. 

position 197. WlSP-2 has 28 cysteine residues that are con- 
served among the 38 cysteines found in WISP-1. 

Identification of WISPS. To search for related proteins, we 
screened expressed sequence tag (EST) databases with the 
WISP-1 protein sequence and identified several ESTs as 
potentially related sequences. We identified a homologous 
protein that we have called WISP-3. A full-length human 
WISPS cDNA of 1,371 bp was isolated corresponding to those 
ESTs that encode a 354-aa protein with a predicted molecular 
mass of 39,293. WISP-3 has two potential N-linked glycosyl- 
ation sites and 36 cysteine residues. An alignment of the three 
human WISP proteins shows that WISP-1 and WISP-3 are the 
most similar (42% identity), whereas WISP-2 has 37% identity 
with WISP-1 and 32% identity with WISP-3 (Fig. 3/1). 

WISPs Are Homologous to the CTGF Family of Proteins. 
Human WISP-1, WISP-2, and WISPS are novel sequences; 
however, mouse WISP-1 is the same as the recently identified 
Elml gene. Elml is expressed in low, but not high, metastatic 
mouse melanoma cells, and suppresses the in vivo growth and 
metastatic potential of K-1735 mouse melanoma cells (15). 
Human and mouse WISP-2 are homologous to the recently 
described rat gene, rCop-1 (16). Significant homology (36- 
44%) was seen to the CCN family of growth factors. This family 
includes three members, CTGF, Cyr61, and the protoonco- 
gene nov. CTGF is a chemotactic and mitogenic factor for 
fibroblasts that is implicated in wound healing and fibrotic 
disorders and is induced by TGF-/3 (17). Cyr61 is an extracel- 
lular matrix signaling molecule that promotes cell adhesion, 
proliferation, migration, angiogenesis, and tumor growth (18, 
19). nov (nephroblastoma overexpressed) is an immediate 
early gene associated with quiescence and found altered in 
Wilms tumors (20). The proteins of the CCN family share 
functional, but not sequence, . similarity to Wnt-1. All are 
secreted, cysteine-rich heparin binding glycoproteins that as- 
sociate with the cell surface and extracellular matrix. 

WISP proteins exhibit the modular architecture of the CCN 
family, characterized by four conserved cysteine-rich domains 
(Fig. 3B) (21). The N-terminal domain, which includes the first 
12 cysteine residues, contains a consensus sequence (GCGC- 
CXXC) conserved in most insulin-like growth factor (IGF)- 
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Fig. 3. (A) Encoded amino acid sequence alignment of human 
WISPs. The cysteine residues of WISP-1 and WISP-2 that are not 
present in WISP-3 are indicated with a dot. (B) Schematic represen- 
tation of the WISP proteins showing the domain structure and cysteine 
residues (vertical lines). The four cysteine residues in the VWC domain 
that are absent in WISP-3 are indicated with a dot. (C) Expression of 
WISP mRNA in human tissues. PCR was performed on human 
multiple-tissue cDNA panels (CLONTECH) from the indicated adult 
and fetal tissues. 

binding proteins (BP). This sequence is conserved in WISP-2 
and WISP-3, whereas WISP-1 has a glutamine in the third 
position instead of a glycine. CTGF recently has been shown 
to specifically bind IGF (22) and a truncated nov protein 
• lacking the IGF-BP domain is oncogenic (23). The von Wil- 
lebrand factor type C module (VWC), also found in certain 
collagens and mucins, covers the next 10 cysteine residues, and 
is thought to participate in protein complex formation and 
oligomerization (24). The VWC domain of WISP-3 differs 
from all CCN family members described previously, in that it 
contains only six of the 10 cysteine residues (Fig. 3 A and B). 
A short variable region follows the VWC domain. The third 
module, the thrombospondin (TSP) domain is involved in 
binding to sulfated glycoconjugates and contains six cysteine 
residues and a conserved WSxCSxxCG motif first identified in 
thrombospondin (25). The C-terminal (CT) module contain- 
ing the remaining 10 cysteines is thought to be involved in 
dimerization and receptor binding (26). The CT domain is 
present in all CCN family members described to date but is 
absent in WISP-2 (Fig. 3 A and B). The existence of a putative 
signal sequence and the absence of a transmembrane domain 
suggest that WISPs are secreted proteins, an observation 
supported by an analysis of their expression and secretion from 
mammalian cell and baculovirus cultures (data not shown). 

Expression of WISP mRNA in Human Tissues. Tissue- 
specific expression of human WISPs was characterized by PCR 
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analysis on adult and fetal multiple tissue cDNA panels. 
WlSP-1 expression was seen in the adult heart, kidney, lung, 
pancreas, placenta, ovary, small intestine, and spleen (Fig. 3C). 
Little or no expression was detected in the brain, liver, skeletal 
muscle, colon, peripheral blood leukocytes, prostate, testis, or 
thymus. WISP-2 had a more restricted tissue expression and 
was detected in adult skeletal muscle, colon, ovary, and fetal 
lung. Predominant expression of WISPS was seen in adult 
kidney and testis and fetal kidney. Lower levels of WISPS 
expression were detected in placenta, ovary, prostate, and 
small intestine. 

In Situ Localization of WISP-1 and WISP-2. Expression of 
WISP-1 and WISP-2 was assessed by in situ hybridization in 
mammary tumors from Wnt-1 transgenic mice. Strong expres- 
sion of WISP-1 was observed in stromal fibroblasts lying within 
the fibrovascular tumor stroma (Fig. 4 A-D). However, low- 
level WISP-1 expression also was observed focally within tumor 
cells (data not shown). No expression was observed in normal 
breast. Like WISP-1, WISP-2 expression also was seen in the 
tumor stroma in breast tumors from Wnt-1 transgenic animals 
(Fig. 4 E-H). However, WISP-2 expression in the stroma was 
in spindle-shaped cells adjacent to capillary vessels, whereas 
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Fig. 4. (A, C, E, and G) Representative hematoxylin/eosin-stained 
images from breast tumors in Wnt-1 transgenic mice. The correspond- 
ing dark-field images showing WISP-1 expression are shown in B and 
D. The tumor is a moderately well-differentiated adenocarcinoma 
showing evidence of adenoid cystic change. At low power (A and B), 
expression of WISP-1 is seen in the delicate branching fibrovascular 
tumor stroma (arrowhead). At higher magnification, expression is seen 
in the stromal(s) fibroblasts (C and D), and tumor cells are negative. 
Focal expression of WISP-1, however, was observed in tumor cells in 
some areas. Images of WISP-2 expression are shown in E-H. At low 
power (E and F), expression of WISP-2 is seen in cells lying within the 
fibrovascular tumor stroma. At higher magnification, these cells 
appeared to be adjacent to capillary vessels whereas tumor cells are 
negative (G and H). 



the predominant cell type expressing WISP-1 was the stromal 
fibroblasts. 

Chromosome Localization of the WISP Genes. The chro- 
mosomal location of the human WISP genes was determined 
by radiation hybrid mapping panels. WISP-1 is approximately 
3.48 cR from the meiotic marker AFM259xc5 [logarithm of 
odds (lod) score 16.31] on chromosome 8q24.1 to 8q24.3, in the 
same region as the human locus of the novH family member 
(27) and roughly 4 Mbs distal to c-myc (28). Preliminary fine 
mapping indicates that WISP-1 is located near D8S1712 STS. 
WISP-2 is linked to the marker SHGC-33922 (lod = 1,000) on 
chromosome 20ql2-20ql3.1. Human WISPS mapped to chro- 
mosome 6q22-6q23 and is linked to the marker AFM211ze5 
(lod = 1,000). WISPS is approximately 18 Mbs proximal to 
CTGF and 23 Mbs proximal to the human cellular oncogene 
MYB (27, 29). 

Amplification and Aberrant Expression of WISPs in Human 
Colon Tumors. Amplification of protooncogenes is seen in 
many human tumors and has etiological and prognostic sig- 
nificance. For example, in a variety of tumor types, c-myc 
amplification has been associated with malignant progression 
and poor prognosis (30). Because WISP-1 resides in the same 
general chromosomal location (8q24) as c-myc, we asked 
whether it was a target of gene amplification, and, if so, 
whether this amplification was independent of the c-myc locus. 
Genomic DNA from human colon cancer cell lines was 
. assessed by quantitative PCR and Southern blot analysis. (Fig. 
5 A and B). Both methods detected similar degrees of WISP-1 
amplification. Most cell lines showed significant (2- to 4-fold) 
amplification, with the HT-29 and WiDr cell lines demonstrat- 
ing an 8-fold increase. Significantly, the pattern of amplifica- 
tion observed did not correlate with that observed for c-myc, 
indicating that the c-myc gene is not part of the amplicon that 
involves the WISP-1 locus. 

We next examined whether the WISP genes were amplified 
in a panel of 25 primary human colon adenocarcinomas. The 
relative WISP gene copy number in each colon tumor DNA 
was compared with pooled normal DNA from 10 donors by 
quantitative PCR (Fig. 6). The copy number of WISP-1 and 
WISP-2 was significantly greater than one, approximately 
2-fold for WISP-1 in about 60% of the tumors and 2- to 4-fold 
for WISP-2 in 92% of the tumors (P < 0.001 for each). The 
copy number for WISPS was indistinguishable from one (P = 
0.166). In addition, the copy number of WISP-2 was signifi- 
cantly higher than that of WISP-1 (P < 0.001). 

The levels of WISP transcripts in RNA isolated from 19 
adenocarcinomas and their matched normal mucosa were 
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Fig. 5. Amplification of WISP-1 genomic DNA in colon cancer cell 
lines. (A) Amplification in cell line DNA was determined by quanti- 
tative PCR. (B) Southern blots containing genomic DNA (10 jig) 
digested with EcoRI (WISP-1) or Xbal (c-myc) were hybridized with 
a 100-bp human WISP-1 probe (amino acids 186-219) or a human 
c-myc probe (located at bp 1901-2000). The WISP and myc genes are 
detected in normal human genomic DNA after a longer film exposure. 
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Fig. 6. Genomic amplification of WISP genes in human colon 
tumors. The relative gene copy number of the WISP genes in 25 
adenocarcinomas was assayed by quantitative PCR, by comparing 
DNA from primary human tumors with pooled DNA from 10 healthy 
donors. The data are means ± SEM from one experiment done in 
triplicate. The experiment was repeated at least three times. 

assessed by quantitative PCR (Fig. 7). The level of WISP-1 
RNA present in tumor tissue varied but was significantly 
increased (2- to >25-fold) in 84% (16/19) of the human colon 
tumors examined compared with normal adjacent mucosa. 
Four of 19 tumors showed greater than 10-fold overexpression. 
In contrast, in 79% (15/19) of the tumors examined, WISP-2 
RNA expression was significantly lower in the tumor than the 
mucosa. Similar to WISP-1, WISPS RNA was overexpressed in 
63% (12/19) of the colon tumors compared with the normal 
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Fig. 7. WISP RNA expression in primary human colon tumors 
relative to expression in normal mucosa from the same patient. 
Expression of WISP mRNA in 19 adenocarcinomas was assayed by 
quantitative PCR. The Dukes stage of the tumor is listed under the 
sample number. The data are means ± SEM from one experiment 
done in triplicate. The experiment was repeated at least twice. 



mucosa. The amount of overexpression of WISP-3 ranged from 
4- to >40-fold. 



DISCUSSION 

One approach to understanding the molecular basis of cancer 
is to identify differences in gene expression between cancer 
cells and normal cells. Strategies based on assumptions that 
steady-state mRNA levels will differ between normal and 
malignant cells have been used to clone differentially ex- 
pressed genes (31). We have used a PCR-based selection 
strategy, SSH, to identify genes selectively expressed in 
C57MG mouse mammary epithelial cells transformed by 
Wnt-1. 

Three of the genes isolated, WISP-1, WISP-2, and WISP-3, 
are members of the CCN family of growth factors, which 
includes CTGF, Cyr61, and nov, a family not previously linked 
to Wnt signaling. 

Two independent experimental systems demonstrated that 
WISP induction was associated with the expression of Wnt-1. 
The first was C57MG cells infected with a Wnt-1 retroviral 
vector or C57MG cells expressing Wnt-1 under the control of 
a tetracylineTrepressible promoter, and the second was in 
Wnt-1 transgenic mice, where breast tissue expresses Wnt-1, 
whereas normal breast tissue does not. No WISP RNA expres- 
sion was detected in mammary tumors induced by polyoma 
virus middle T antigen (data, not shown). These data suggest 
a link between Wnt-1 and WISPs in that in these two situations, 
WISP induction was correlated with Wnt-1 expression. 

It is not clear whether the WISPs are directly or indirectly 
induced by the downstream components of the Wnt-1 signaling 
pathway (i.e., 0-catenin-TCF-l/Lefl), The increased levels of 
WISP RNA were measured in Wnt-l-transformed cells, hours 
or days after Wnt-1 transformation. Thus, WISP expression 
could result from Wnt-1 signaling directly through /3-catenin 
transcription factor regulation or alternatively through Wnt-1 
signaling turning on a transcription factor, which in turn 
regulates WISPs. 

The WISPs define an additional subfamily of the CCN family 
of growth factors. One striking difference observed in the 
protein sequence of WISP-2 is the absence of a CT domain, 
which is present in CTGF, Cyr61, nov, WISP-1, and WISP-3. 
This domain is thought to be involved in receptor binding and 
dimerization. Growth factors, such as TGF-/3, platelet-derived 
growth factor, and nerve growth factor, which contain a cystine 
knot motif exist as dimers (32). It is tempting to speculate that 
WISP-1 and WISP-3 may exist as dimers, whereas WISP-2 
exists as a monomer. If the CT domain is also important for 
receptor binding, WISP-2 may bind its receptor through a 
different region of the molecule than the other CCN family 
members. No specific receptors have been identified for CTGF 
or nov. A recent report has shown that integrin a v ft serves as 
an adhesion receptor for Cyr61 (33). 

The strong expression of WISP-1 and WISP-2 in cells lying 
within the fibrovascular tumor stroma in breast tumors from 
Wnt-1 transgenic animals is consistent with previous obser- 
vations that transcripts for the related CTGF gene are pri- 
marily expressed in the fibrous stroma of mammary tumors 
(34). Epithelial cells are thought to control the proliferation of 
connective tissue stroma in mammary tumors by a cascade of 
growth factor signals similar to that controlling connective 
tissue formation during wound repair. It has been proposed 
that mammary tumor cells or inflammatory cells at the tumor 
interstitial interface secrete TGF-/31, which is the stimulus for 
stromal proliferation (34). TGF-/31 is secreted by a large 
percentage of malignant breast tumors and may be one of the 
growth factors that stimulates the production of CTGF and 
WISPs in the stroma. 

It was of interest that WISP-1 and WISP-2 expression was 
observed in the stromal cells that surrounded the tumor cells 
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(epithelial cells) in the Wnt-1 transgenic mouse sections of 
breast tissue. This finding suggests that paracrine signaling 
could occur in which the stromal cells could supply WISP-1 and 
WISP-2 to regulate tumor cell growth on the WISP extracel- 
lular matrix. Stromal cell-derived factors in the extracellular 
matrix have been postulated to play a role in tumor cell 
migration and proliferation (35). The localization of WISP-1 
and WISP-2 in the stromal cells of breast tumors supports this 
paracrine model. 

An analysis of WISP-1 gene amplification and expression in 
human colon tumors showed a correlation between DNA 
amplification and overexpression, whereas overexpression of 
W1SP-3 RNA was seen in the absence of DNA amplification. 
In contrast, WISP-2 DNA was amplified in the colon tumors, 
but its mRNA expression was significantly reduced in the 
majority of tumors compared with the expression in normal 
colonic mucosa from the same patient. The gene for human 
WISP-2 was localized to chromosome 20ql2-20ql3, at a region 
frequently amplified and associated with poor prognosis in 
node negative breast cancer and many colon cancers, suggest- 
ing the existence of one or more oncogenes at this locus 
(36-38). Because the center of the 20ql3 amplicon has not yet 
been identified, it is possible that the apparent amplification 
observed for WISP-2 may be caused by another gene in this 
amplicon. 

A recent manuscript on rCop-1, the rat orthologue of 
WISP-2, describes the loss of expression of this gene after cell 
transformation, suggesting it may be a negative regulator of 
growth in cell lines (16). Although the mechanism by which 
WISP-2 RNA expression is down-regulated during malignant 
transformation is unknown, the reduced expression of WISP-2 
in colon tumors and cell lines suggests that it may function as 
a tumor suppressor. These results show that the WISP genes 
are aberrantly expressed: in colon cancer and suggest that their 
altered expression may confer selective growth advantage to 
the tumor. 

Members of the Wnt signaling pathway have been impli- 
cated in the pathogenesis of colon cancer, breast cancer, and 
melanoma, including the tumor suppressor gene adenomatous 
polyposis coli and /3-catenin (39). Mutations in specific regions 
of either gene can cause the stabilization and accumulation of 
cytoplasmic S-catenin, which presumably contributes to hu- 
man carcinogenesis through the activation of target genes such 
as the WISPs. Although the mechanism by which Wnt-1 
transforms cells and induces tumorigenesis is unknown, the 
identification of WISPs as genes that may be regulated down- 
stream of Wnt-1 in C57MG cells suggests they could be 
important mediators of Wnt-1 transformation. The amplifica- 
tion and altered expression patterns of the WISPs in human 
colon tumors may indicate an important role for these genes 
in tumor development. , 
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Wc have developed a novel "real time" quantitative PCR method. The method measures PCR product 
accumulation through a duaHabeled lluoreeenlc probe (i.c, TaqMan Probe). This method provides very 
accurate and reproducible quantitation of gene copies. Unlike otter quantitative PCR methods, real-time PCR 
does nor require post-PCR sample handling, preventing potential PCR product carry-over contamination and 
resulting In much faster and higher throughput assays. The real-time PCR method has a very large dynamic 
range of starting target molecule determination (at le«t five orders of- magnitude). Real-time quantitative 
PCR is extremely accurate and less labor-intensive than airrent quantitative PCR methods. 



Quantitative nucleic acid sequence analysis lias 
had an important role in many fields of biologi- 
cal' research. Measurement of geiif. expression 
(RNA) has been used extensively In monitoring 
biological responses to various stimuli (Tan et al. 
1994; Huang el at. I995a,b; Prud'homme et al. 
1995). Quantitative gene analysis (DNA) has 
iHtn used to tlttiermine the genome quantity o! a 
particular gene, as in the case. of the human HER2 
gene, which Is amplified in -30% of breast tu- 
mors (Slamon ei al. 1987). Ccnc and genome 
quantitation (UNA and una) also have been used 
for analysis of human immunodeficiency virus 
(illV) buTden demonstrating changes in the lev- 
els of virus throughout the different phases of the 
disease (Connor et al. 1993; Plutak et al. ivwh; 
I'urtado et al. 1995). 

Many methods have heen described for the 
quantitative analysis ot nucleic acid sequences 
(hoth for RNA and DNA; Southern 19/6; Sharp ct 
al. 1980; Thomas 1980). Recently, PCR has 
proven to be a powerful tool for quantitative 
nudclc acid analysis. PCR and reverse transcrip- 
tase (K'O-PCR have permitted the analysis of 
minimal starting quantities of nucleic acid (as 
little as one tell equivalent). This has made pos- 
sible many experiments that could not hove, been 
performed with traditional methods. Although 
PCR has provided a powerful tool, it is imperative 
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that it be used properly f«r quantitation (Uauy. 
maekt'TS 1995). Many early reports of quantita- 
tive. PCR and RT-I'CR described quantitation of 
the PCR product but did not measure the Initial 
target sequence 'quantity. It is essentia) to design 
proper controls for the quantitation of the initial 
target sequences (Hcrrc 1992; Clement! et al. 
1002) 

Researchers have, developed several methods 
of quantitative l'CR and RT-PCR. One approach 
measures l'CR product quantity in the log phase 
of the rencilon before the plateau (Kellogg et al. 
1990; Pang ct al. 1990). This method requires 
thai each sample has equal input amounts of 
nucleic add and that each sample under analysis 
amplifies with tdcul ical efficiency up to the. point 
of quantitative analysis. A gene sequence (con- 
tained in all samples at relatively constant quan- 
tit'uu, such as p-aetln) can be used for sample 
amplification efficiency normalization. Using 
conventional rowthods of PCR detection and 
quantitation (gel electrophoresis or plate capttire 
hybridization), it is ext remely laborious to assure 
that all samples are analyzed during the log phase 
of the reaction (foT l>olh the target gene and the 
normalization gene). Another method, quantita- 
tive competitive (QO-WJR, has been developed 
and Is used widely for PCR quantitation. QC-l'CR 
mlics on the inclusion of an internal control 
competitor in each reaction (Becker-Andre 1991; 
Matak cl al. 1993o,1>). The efficiency of each re- 
action Is normalized lo the Internal competitor. 
a irnnwn amount of Internal competitor can be 
aORH Z0S6 09Z, 6fr6 XVd 6S-H Z00Z/S0/2T 
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added to each sample. To obtain relative 0"anl- 
tatlon, the unknown target PGR product is com- 
pared with the known competitor I'C'M product. 
.Success of a quanlllallvc competitive \'C\i assay 
relies on developing an Internal control lliol am- 
l>iirir» with the same ef fidelity as tlic uugvt mol- 
ecule. The design of the coiupctltui and the vali- 
dation of amplification efficiencies. jcquJrc » 
dedicated effort. However, because QtM'CKdoes 
not require thai PCJR ptoducts be analysed during 
the log phase of Ibe amplification, it is tin: easier 
<.»r I he two methods to use. 

Several detection Kystcius Hie used for quan 
Utative PCK and RT-1»<:U analysis: (1) agarose 
gel*, (2) fluorescent labeling of PGR products mid 
detection with laser-iiidiieed fluorescence vising 
capillary electrophoresis (Pasco ct al. 1995; Wil- 
liams et al. 1996) or acrylamlde gels, and (3) plate 
capture and sandwich probe hybridl/allon (Mul- 
der el al. 1994). Although these ijic-OkhI* proved 
successful, each method requires posl-l'CR ma- 
nipulations that add tin if. to the analysis and 
may lead to labu>atoiy * onlainination. The 
sample throughput of these jnrtliwd.t is limited 
(wllji i ln«r exception of the plate capture ap- 
proach), and, thi:rt:fwri: ( these methods ore not 
well suited foi u<iv* demanding high sample 
throughput (I.e., screening of large numbers of 

)'lutliwl«v.ulcs oi Jilctlyy.lil^ samples loi didgilub- 
tic* or clinical trials). 

I lore we report the development of ;i novel 
naaay for quantitative DNA analysis. The assay is 
hased on Ihtt \i*<r. of the 5' nuclease assay first 
described by Holland et al. (1993). The- method 
uses the S' n«iclca.sc activity of Tsttf polymerase to 
dcavc a noncxtcndlblc hybridization prol>c dur- 
ing; the extension phase of I'OU- The approach 
uses dual-labeled fluorogcnic hybridisation 
probes (Lcc. et nl. 1993; Uasslcr ct al. 1995; l.lvah 
et ol. l99So,b). One. fluorescein dye serves as a 
reporter IFAM (i.e., o-carboxyfluoreaecin)[ nnd its 
emission spectra is quenched by the second fluo- 
rescent dye, TAMRA (I.*!., o-carboxy-tetramethyl- 
rhodaminc). Tlic nuclease degradation of the hy- 
bridization jm>he releases the quenching of Hie 
I'AM fluorescent emission, resulting in an In- 
crease- In peak fluorescent emission at 5JW tun. 
The use or a sequence detector (AU1 Prism) allows 
measurement of fluorescent spectra of all 96 wells 
of the thermal cycler continuously during the 
1*CK amplification. Therefore, the relictions aie 
monitored in real time. The output data Is de- 
scribed and quantitative analysis of input lorgcl 
DNA sequences is discussed below. 



RESULTS 



PCR Product Derecrlon in R«ai Time 



'lite goul was to develop a high-throughput, sen- 
sitive, and Accurate gene qtwnlhatlnn assay for 
use In monitoring lipid mediated therapeutic 
gene delivery. A plusinid encoding human factor 
VIII gene sequence, pF8TM (see. Methods), was 
used as a model therapeutic g« n<: - ''"he asst, y l,so * 
fluorescent Taqinan methodology and an instru- 
ment capable of measuring fluorescence in real 
time (AU1 Prism 7700 Sequence Dclecinr). The 
Taqman reaction requires » hybridization' \rtcAv 
Ia1>clcd witli two different fluorescent dyes. One 
dye Is a reporter dy« (I'AM), the other « X quench- 
iiig dye (TAMRA). When the proU: is inlacl, fluo- 
icstcnl energy transfer occurs and the reporter 
dye fluorescent emission is absorbed by the 
quenching dye (TAMRA): During Die extension 
phase of the I'CK cyde, the fluorescent liybrid- 
iMllnn probe Is cleaved by the 5'-.T nucleolytic 
actlvity of the DNA polymerase. On cleavage of 
the probe, the reporter dye emission is no longer 
transferred efficiently to the quenching dye, re 
sultiiiK l>» un increase of the reporter dyu fluores- 
cent ciiiSjmUmi fJXfCtra. PCR pri»ncr.s und probuN 

were designed foi llm human factor VJU se- 
quence and human p-actln gene (as described in 
Methods). Optimization reactions were per- 
formed to choose the appropriate probe und 
mngncslum concentrations yielding the highest 
Intensity of re|>ort.cr fluorescent signal without 
sacrificing specificity. The Instrument uses a 
charge* coupled device (i.e., CCD camera) for 
measuring the fluorescent emission apeclni from 
500 to rtftO nm. liach. POIl tul>c was monitored 
sequentially for 2ft m-tce with continuous moni- 
toring throughout the aiiiplificatkiii. Uach lube 
was rc:-«xj»ndrjcd every B.5 see. <Jc»mputcr sofl- 
ware. was designed t<» examinr the ftuoresccnt In- 
tensity of both the reporter dye (I"AM) and 
the quenching dye (T AM HA). The llnoresecnt 
intensity or the quenching dye, TAMRA, changes 
very llltlfi over the course of the PCR amplify 
cation (data not shown). Therefore, the Intensity 
of TAMRA dye emission serves HK an Internal 
standurd with which to normulbw; the reporter 
dye (I'AM) emission variatJons. T1>e software cal- 
culates a value termed AHn (or ARQ) using the 
following equation: ARn - (Un') (Rn""), where 
Itn 4 . • emission intensity of reporter/emission in- 
tensity of quencher at any given lime In o reae 
tiun tube, and Ru s- emission intensility of re- 
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poner/o.rnisstoii Imemiiy uf quencher meoMired 
jiriijr to I'CK amplilication in (hat same reaction 
tube. l-'or the purpose of quantitation, the 1«si 
tlircc data jjuints (ARm) collected during the. ex* 
tension step for each Ktk cycle were analyzed. 
The nticleolytic degradation of the iiyumlixation 
probe occurs during the extension phase of I'cju, 
and, thurcforc, reporter fluorescent ciiuaMun in- 
creases during this time. Jin-- Uucc data point* 
were averaged for cadi KJk cycle and the hichm 
value for each was plotted in an "anipllllcatloii 
plot" shown In I'lgurc ] A. The AKn mean value is 
plotted on the )*-axJs, and time, represented by 
cycle number, is plotted on thv A-axis. During the 
early cycles c;l the VCR amplification, the ARn 



value remains at base line When sufficient hy- 
bridist Ion probe lifts been cleaved by the Tin? 
]X>lymcrasc miclcAfW! activity, the intensity of ro- 
porU-r flmn-cAccni emission liicretu»et>. Most PCR 
amplin^lions reach a plateau phono of roportvr 
fiuoToewiil omission if the rettuliiMi Is carried nut 
10 high cycle iivimlwis. The amplification plot \'J 
t-'xaininod wily in th« reaction, ut a point thai 
it-presents the log phase of product acnimula» 
lion. This is done hy ussignlng an arbitrary 
rhreshold tuat is bused on the variability of the 
bos«-liiicdMia. In J'iguw 1A, the threshold was sot 
at 10 standard deviations above, the mean Of 
base line emission calculated frotu eydu:. 1 lo 1 S. 
Once the threshold is chosen, the point at which 
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Figure 1 PCR product detection in real time (A) The Model 7700 software will construct amplification plots 
from the extension phase fluorescent emission data collected during the PCR amplification. The standard de- 
viation is determined from the data points collected from the base line of the amplification ploL p , values are 
calculated by determining the point at which the fluorescence exceeds a threshold limit (usually 10 times the 



standard deviation of the base line). (8) Overlay ot amplification plots of serially (1:2) diluted human 9e™> m '«; 
DNA somolcs amplified with 8-actin primers. (Q Input DNA concentration of the samples plotted versus Cj. All 
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the amplification plot crosses the threshold'^ tie 
fined as C,. C, is reported us Ihc cycle number u\ 
tills point. Ak will be domo»strutt«l, Hut C, .value 
Is pitwlicdve of ihc quantity of input target. 

Cj Values Provide a Quantitative Measurement- of 
Input Targer Sequence! 

Figure IB shows amplification pJutt .of . ) i» •dtffcv- 
ent PCR amplifications overlaid, The amplifica- 
tions were performed on a 1:2 serial dilution ia". 
human genomic una. The amplified target wa* 
human (J octin. The amplification plot* shift to 
the right (to higher threshold cycles) ns the input 
target quantity is reduced. This is expected ho- 
cauxu nmcttonN with fewer starting copitui of the 
target molecule require greater amplification to 
degrade enough probe to Attain tin* Threshold 
fluorescence. An arbitrary threshold of 10 stan- 
dard deviations above the base line was used to 
determine the O r values. Figure 1C represents the 
CI,, values plotted versus the sample dilution 
value, Each dilution was amplified in triplicate 
VC.H amplifications and plotted as mean values 
with error bars representing one standard devia- 
tion. The C-|- values decrease linearly with increas- 
ing target quantity. Thus, O r values can be used 
as a quantitative measurement of tlie input target 
number. It should be noted that the amplifica- 
tion plot for ihc 15.6-ng sample shown In Figure 
1H does not reflect the same fluorescent rate of 
Increase exhibited by most of the other samples. 
The 15.6-ng sample also achieves e.ndiwint pla- 
teau at a lower fluorescent value than would he 
expected based on the input I>NA. This phenom- 
enon has been observed, occasionally with other 
samples (data not shown) and may be attribut- 
able to late cycle inhibition; this hypothesis is 
still under investigation. It is important to note 
that the flattened slope and early plateau do not 
impact significantly the calculated C, value as 
demonstrated by the fll on Ihe line shown in 
Figure. 1 C. All triplicate amplifications resulted in 
very similar Cv values— -the standard deviation 
did nyt exceed 0.5 for any dilution. This experi- 
ment contains a > 1 00,000-fold range of Input tar- 
get molecules. Using C v values for quantitation 
permits a much larger assay range than directly 
using total fluorescent emission intensity for 
quantitation. The linear range. ol fluorescent in- 
tensity measurement of the ABl Prism 7700 Se- 
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mentis over n very large taiijjo of rplnlivf* uartlnp, 
targe) quantities. 

Sample Preparation Validation 

Several parameters influence the cnicienry nf 
PC.R amplification: magnesium and salt concen- 
trations, reaction conditions (i.e., time. and tem- 
perature), PCM target size and composition, 
primer sequences, and sample purity. All of The 
above (actors are common to a single I'CR assay, 
except sample to sample, purity. In an effort to 
validate Ihc method of sample preparation for 
the iactor VJ11 assay, PCR amplification reprocitic- 
ihility and efficiency oi JO replicate sample 
prejMratioiis w«rn examined. Afte.r genomic DNA 
was prepared from th« 10 replicate samples, the 
DNA was quantiiated by ultraviolet spectroscopy. 
Amplifications were performed analyzing p-aciln 
gene, content ill 100 and 25 >ig of total genomic 
UNA. Each PCR amplification was performed in 
triplicate. Comparison of G r values for each trip, 
licate sample show minimal variation based on 
standard deviation and coefficient of variance 
(Tabic 1). Therefore, each ol the triplicate PClt 
amplifications was highly reproducible, demon- 
strating that real time PCK using this Instrumen- 
tation introduces minimal variation Into the 
quantitative J'CR analysis. Comparison of the. 
mean C, values of the JO replicate sample prepa- 
rations also showed minimal variability, indicat- 
ing that each sample preparation yielded similar 
results for |4-actin gene quantity. The highest Cy 
difference between any of the samples was 0.85 
and 0.73 for the J00 and 25 ng samples, respec- 
tively. Additionally, the. amplification of cadi 
sample exhibited an equivalent rate- of fluores- 
cent emission intensity change per amount of 
DNA target analyzed as indicated by similar 
slopes derived from I be sample dilut ions (Fig. 2). 
Any sample containing an excess of a l'CR inhibi- 
tor would exhibit a greater measured (3-actln O r 
value for a given quantity of DNA. In addition, 
the inhibitor would be diluted along with Ihe 
sample in the dilution analysis (Ki«. 1), altering 
the expected C,- value change. F.ach sample am- 
plification yielded a similar result in the analysis, 
demonstrating tfiat this method of sample prepa- 
ration Is highly reproducible, with regard lo 
sample purity. 

Quantitative Analysis of a Plasmid After 
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Tnblv 1 . Reproducibility of Sampler Preparation Method 



8 
9 
10 

Mean 



100 ng 



Sample 

no. Cr 



standard 
m«an deviation 



CV 



18.24 
18.23 
.10.33 
18.33 
18.35 
1(1.-44 
18.3 
18.3 
18.42 
18.15 
18.23 
18.32 
18.4 
18.38 
18.46 
18.54 
18.67 
19 

18.2B 

18.36 

18.52 

16.45 

1B.7 

18.73 

18.18 

18.34 

18.36 

18.42 

18.57 

1 8.66 

(1 10) 



1«.27 
18.1 7 



18.39 



18.55 
18.-12 



0.06 



0.0<S 



18.34 0.07 



18.23 0.08 



18.42 0.04 



18.74 0.21 



0.12 



18.63 0.16 



18.29 0.1 



0.12 
0.17 



0.32 

0.3? 

0.36 

0.46 

0.23 

1.26 

0.66 

0.83 

0.55 

0.6S 
0.90 



20.46 

20.S5 

20.5 

20.61 

20.59 

70.41 

20.54 

20.6 

20.49 

20.48 

20.44 

20.38 

20.68 

20.87 

20.63 

21.09 

21.04 

21.04 

20.67 

20.73 

20.65 

20.98 

20.84 

20.75 

20.46 

20.54 

20.48 

20.79 

20.78 

20.62 



25 ng 



standard 
mean deviation CV 



20.51 0.03 0.17 

70.54 0.11 0.54 

20.54 0.06 0.28 

20.43 0.05 0.26 

20.73 0.13 0.61 

21.06 0.03 0.15 

20.68 0.04 0.2 

20.86 0.12 0.57 

20.51 0.07 0.32 

20.73 0.1 0.46 

20.66 0.19 0,94 



tor containing a partial cUNA for human factor 
VllI, pl ! 8TM. A scries of trartsfccUons was so 
up using a decreasing amount of the plasmid*(40, 
4, 0.5, and O.I u,g). Twinny-four hours post- 
trmisfertion, total DNA was purified from each 
flask ufvclh. p-Ailin gene uuanlUy was chosen *s 
a value for normali/^liuii or^ciioinU'. DNA con- 
centration from each sample. In HUs cxpeufj/ent, 
B-actm gene content Should remain constant 
relative to total genomic UNA. Figure 3 shows tlie 
result of the p-actln UNA measurement (100 ng 
total DNA determined by ultraviolet spectros- 
copy) Ot each sample. Kach sample was analyzed 
in triplicate and the mean p-actin values of 
the triplicates were, plotted (error bars represent 
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betwiteu any iwo sim])l(i moans was 0.9 5 C,» Ten 
nanograms of total UNA of each Sample were also 
examined for p-actln. ll»c results again .showed 
that very similar amounts of genomic 1>NA were 
present; the maximum mean |* actio <":, value 
difference waA 1 .0. As I'igurc 3 shows, the rate of 
fj actln C r change between the J0O and 10-ng 
5ainplc> was stniltur (slope values rangu hntwoon 
3.56 and -3.45). This verifies again that the 
method of .sample preparation yields samples of 
identical PCR integrity 0.<'-. sample contained 
an excessive auiouni of a PCR Inhibitor). How- 
ever, these results indicate that encil sample con 
tatned slight diffeiences in the adtial amount of 
genomic UNA aiialyxcd. Determination of actual 
ticnoijik- UNA concentration was accomplished 
SOKE Z0S6 091 6*6 XVd 00=31 Z00Z/S0/ZT 
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Figure 2 Sample preparation purity. 1 he replicate 
samples shown In Table 1 wore also amplified In 
tripicate using 25 ng of each DMA sample. The fig- 
ui e shows die input DNA concentration (1 00 and 
25 ng) vs. C, In iru* figure, ihe 1O0 and 7H ng 
points for each sample are connected by a line. 



by plot ling the mean (J-actio C, value obtained 
for eauli 100 sample on .» p-aclhi standard 
imive (shown in J'Sg. 40). The actual kuhojwIc 
DNA concentration of each sumpU:, «, was ob 
taincd by extrapolation to tliu X<uxl*. 

Pigwrc 4A shows the measured (I.e., u«>n» 
normalised) quaulitie-s of factor VJJJ plnsmid 
ONA (pI^TM) from each of tin; four transient cell 
traiisfecllons. Each reaction contained 100 tig Of 
total sample UNA (as determined by UV spectro* 
copy), liach sample was analyzed in triplicate 



|>c:R amplifications. As shown, pI'STM purified 
.fioic Jbc 20:< colls decrease* (moan C, values in- 
ctwh^I with decreasing amounts of plasinid 
itruitsu'Ucd. The mean C L values obtained for 
prVTM in 'Figure 4A were- plotted on a standard 
curve comprised of seilally diluted pKHTM, 
shown .in figure 4R. The quanllty uJ pI'XTM, h, 
found in each of the four ironKfoctlonK was de- 
termined by extrapolation to the x axte of the 
standard curve In Pigure 4B. Hiesc uncorrected 
M values, b, for pWTJ'M were norimOlfAid to deter- 

mine the actual amount of pP8TM found per 100 
tik of genomic ONA by using the equation:. 

l> X 10 0 ng ucliial pFBTM copies per 
" a ~ T 100 ng of genomic DNA 

where a •- actual genomic 1'JNA in a sample and 
U l. pPtt'llvl copies from the standard curve. '11)0 
normalised quantity of pI'8'l'M per 100 ng of ge- 
nomic DNA for each of the four transfcctlons Is 
shown In J-'igure 4JJ. 'tlicst: results show thai the 
quantity of factor vm plasmlU associated witti 
the 293 C«Us, 21 hi after iruiusfvctioii, diujiMSc:. 
with decreasing pln»iiiit) cuiH.wiHiatlou used in 
the transection, The quantity of pl'BJ'M associ- 
ated wjih 293 cells, after trunsfcctlon with 40 n,g 
of uiasmid, was 35 pgper 1 00 ng genomic DNA. 
This results In -520 plasmld copies per cell. 
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Figure 3 Analysis of Uninfected ceil DNAquanllly 
and purity, l lie ONA preparations of the lour 293 
cell transfections (40, A, OS, and 0.1 of pF8TM) 
were analyzed for the 0-actln gene. 100 and 10 ng 
(determined by ultraviolet spectroscopy) of each 
sample were amplified in triplicate. For each 
amount of pF8TM that was transfecte<i, the {j-actln 
C T values are plotted versus the lolal Input DNA 



DISCUSSION 

We hove described a new method for quantHnt- 
inj> gene copy numbers using real-time analysts 
of 1'fJK ampiificatlnnK. Real-time K'M in compat- 
ible with cJthtir of the two PC:K (KT-PCR) ap- 
proaches: (1) quantitative .competitive where an 
inlLuwl wuipcliioi" for each target sequence is* 
used for noimaliKaUon (data not shown) or (2) 
quantitative comparative PClt using a um media- 
tion gene conloined within the sample (i.e., |3-ac- 
tin) or a "housekeeping" gene for UT-WJK. Ff 
equal amounts of nucleic acid are analyzed for 
each sample and if the amplification vf/kiwicy 
before quantitative analysis o identical for cadi 
sample, the tntcrnal coniiol (noimnli^iliou gene 
t>r competitor) should give equal signals for all 
samples. 

The real-time PCU method <^fers several ad- 
vajitagcs over the other two mcihcKls currently 
employed (see Ibe Introduction), l-irst, the real- 
time PCR method is performed in a doscd-tube 
system and requires no post-PCR manipulation 
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Figure 4 Quantitative anafyiiix of pF8TM in trai.sfcclcd cclb. (A) Amount of 
plasmid DNA used for I he- trunsfectlon plotted against Hie mean C, vatue deter- 
min«d for pfSTM rcmalniny ?A br after (rerHlectten. (fi,C) Standard curve* of 
ptRTM and fJ-acdn, respectively. pTSTM DNA <fl) and genomic. DNA (Q were 
diluted tMhWy 1 ;S before amplification with the appropriate primers. The H-actin 
standard curve wa* usod to normalise the results of A lo 1 00 ny of genomic DNA. 
(O) Tho amount of pF8TM present per 1 00 ng of genomic DNA. 



of sampk' Therefore, Hit- potential for TCR con- 
tamination in the laboratory is reduced because 
amplified products can be auHlyv-ctl and disposed 
of without opening tho reaction tubes. Second, 
this method suppotts the use of a iiwruiii1iy.<ilk>n 
gene (i.e., pectin) for quantitative PCR or house- 
keeping genes for quantitative RT-l*Clt controls. 
Analysis Is performed in real lime during the Jog 
phase of product accumulation. Analysis during 
K»k phase permits many different genes ("over a 
wide input target range) to be analyzed simulta- 
neously, without concern of reaching reaction 
plateau at different Cycles. Tliis will make niulll- 
gene analysis assays much casta 1\j develop, be- 
cause individual internal i.umpetltuis will not be 
needed for each gene under analysis. Third, 
sample throughput will hiciease Uiamalically 
with the new method because, then* is no post. 
J'CR processing time. Additionally, winking In a 
formal Is highly compatible with auto- 
mation technology. 

The real-time 1*CR method ij. highly repro- 
ducible. Replicate, amplifications can be analyzed 



for eacli sample minimizing potential error. The. 
system ;■ Hows' lor a very large assay dynamic: 
runge (approaching 1,000,000-fold starting tai- 
got). IMue. u .standard curve for the target oJ in* 
tervst, relative copy number values can be deter- 
mined for any unknown »aji;ph\ hiuoresceni 
threshold values, C, v coneJair. linearly with rela- 
tive DNA copy numbers. Keal time quantitative 
KT- I'Clc methodology (Gibson et al., this l.wiif.) 
has also been developed, finally, real lime quan- 
titative I'Cll methodology can be used to develop 
high-throughput screening assays for n variety of 
applications [quantitative gene c* pulsion (RT- 
PCR), gene copy asnnys (I!cr2, I11V, etc.), gcniv- 
typing (knockout mouse, analysis), and Immuiur 
PORJ. 

Real-time PCIR may also Ik: jierformed usii>g 
intercalating dyo.s (Hlguchi ct al. such as 

cfJiiditim bromide. The fluorogenic probe 
method offers a major advantage over inter- 
calating dyes- greater specificity (i.e., primer 
dlmers and nonspecific POR products are not de- 
irried). 
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Generation of «t flasmid Containing a Partial 
cDNA far Human Factor VIII 

Total RNA y»«» harvested (UNAkoI I' ' l < '' '•' ^,!, ' 
rrKudsveood, TX) »rwm cells. i.-.»*fc«ied with a fnetur VIII 
cxjirosslun vector, pC:lSZ«k?.J.U (Knion el id. l»H6i Goi. 
man ex at. 1!X>0). A {actor VIII ]»rtlat cDNA mv|iicimv WttS 
Pi ,.,„.n,l(d by in - l'GIt IGe-neAmp la tTlll UNA IH".U XII 
(pan NSOK-tn/f, i"±i A|»pl"-<) iiiosyttcms, l-ostvi Gity, t:A)J 

using the VC.n primurs ]«for mul l-Hrev (prum-i' sequences 
are shown below), Hie ampllcoii was reamplifirtl osinc, 
modified l'«f«w and Wrcv primers (anpemlwi with huwW 
and Mwdlll restriction site sequences m *l»v V end) »"0 
clonal Into pG'HM- 3Z (Ttohhku CUvp., Muuisod, Wl). The 
resulting clone, pPSTM, was used l«r transient transfocilon 
of cell*. 



Amplification of Target DNA ami Dclecilon of 
Amplicpn Factor VIII I'lasmid DNA 

(pTOTM) was amplified Willi (lie piii.K-is IWoi 5'-G<;<:- 
GT<Kk;AAGAU:itJAGGHVl'CV3* and l-»rcv .V-AAAGGT- 
t:AG001'OGATGGTAGCi-:V.Thu lunclUui pioduved v 
tip k':k product. The forwurd primer wits «tv>lx>tuil to uv 
ogntxu it uiilquv M'tjiiviiiv finuid Iri the 5' untranslated 
region of llui pamtl pClS2.th25l> ploamid oi.il therefore 
does not iVksiKiil/.i: <iiid amplify the lluuioii factor VIII 
gene. I»»iin«r» wuro chosen with the av»isl*iir<' of the com- 
l>ulcr program OIis« *M> (Nuiimiiil Itiiwcicnccs, Inc., I'ly. 
mouth, MN). The luiman p-actt« gene was amplified with 

the primers |J-tn-liii forwaril primer S'-TCA<.'.CCAC'.A< riXiT 
GCCCATCTAGGA-.V and {t-ariiij reverse piimcr V-GAG- 

CGGAACCGcriGAiTGGCAATGG-.V. The reaction pro- 
ciueco a zvS'hp rcu product. 

Amplification reactions (SO u.1) contained a DNA 
sample, 10 x PGR Buffer II (S m^Oi 20(1 pM dATl', dCTl\ 
dGTP, and <100 pM dllTI', 4 mxt MgCi„ 1.5tt Unlis Ampll 
7i«(j PISA polymerase, 0,5 unit AinpKrnsc uracil N-fily- 
tHi.i/lam' <UN0), £0 pinole of each fncloi Vill (•rluwi, und IS 
ptiKtlc <if iwcli |< kc.tlrt pilmci 1 . 'I1>(t lOai'lUii^ uImi i^mlatucd 
one of (he fol'owiiift dt'U'ction proiirti (KMi iim mdi); 
l'«iir<.>b<- *'(VAM)AC.c?i'<r\'(ic.MX?t'<:cr\Tt:Trrc.TC/r. 
GCOTT(TAMRA)p 3' aud p-ai-liii proU.- 5' (TAM)AJ"Gt.X:£:- 
X(TAMKA)CCCCOATGCeATOp-.V wlicrc p indicates 
pltmphnrylAtinn nnd X Indlrotcs a linker arm nucleotide. 
Reaction tul>e» w<-n.- MuiroAmp Optical 'I'uhes (part fttlffi- 
I.ht NK01 OO.ia, Vcrkln lUnivr) thai wore frostetl (4<t IVrW" 
nirucr) to |wv<-nt lijjlil from /effecting. Tube caj>k were 
iliuil.il- in Mim>Antp t;nj>s IhiI ipecially dt.iiflncd lo pre- 
vent Uxht »e«lter'iig. All ol tli<- IH'.K i^inNumiihU j wcru svy*- 
l«li«a 1>y PK Applied lUi>ty»<ei>iti {\\»Ut CUy, CA) except 
the factor VIII primers, wlilfl* weie xynthpslxcd at Gericii 
tccli, Inc. (Smith 5i«> Tninclseo, CA). Probes ww dc-sl^nc-cl 
using the Olig'.» 4.<) software, folloWinR guidelines «!}■• 

gcsiwi in tnc Model 77(K) .sequence JHwior lu.viuinienl 
iiiuiiual. Brlcn)', proUe r„ >huuUl !«• «l least 5 U C higher 
than tlif Juuifiilliijt leiiiiA'Kslurc u.t«l durluj; Uicrmul ey- 
rhng; primers $lm\iltl not fwnu Mdhlv duplexed' wit li Ihe 
probe. 

The tlicnuol «-ycllng cuuditloits Included 2 jiiln »< 
50'G and 10 mlu at 9S"C. Ilirarmal eycliilg procc«Ied with 
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rtactioiik were |>crfonjied in the Model 77(111 Sequence I'v- 
li^-Kit (l»U AppUed Ulusysteuiv), wililrh toiiulm x Gene- 
Amp W!U Systum VWt>. Ue«:llon umditiO"« vu<rr- pin- 
("11111111111 on .1 I'wwor MaciuUuli VI 0(1 (Apple t>.vnpn(rr, 

Santa Clara, t^V) linked directly to the Model Wfin 5U-- 
oucikv JXileclor. AiimV* * ,f dsU w * v l«'rffonerl on 
the Mm-lnlotsh uowputer. f '.ollnetlon and analydc software 
wit» dcvelo|ierl *t It: Appllvtl ftlosytUtms. 

Ti aiwfection of Cells with Taetor VIII Giiutrucl 

Pour I17.S flasks of 293 cells (A'fCX: GUI. 157H), human 
fetol kidney suspension coll Hue, wvit.- b»'wii to 80%.con- 
ll.ier.ey and trinjfoctvd pIKI M. Celli were Rrown in the 
tollowltig mcdlnt 80% HAM'S m wllhotil GUT, fl(VJ,'> lim> 
(tlucoic DhJIwcco's tm>dlflcd Kogle medium (UMIiM) with- 
cnii Rlyciiiu with sodium bicarbonate, 10% Jeial bovine 
serum, 2 him i-^luUinlne, and 1% penicillin-strcptomy- 
The. medio yyo» vjtms'cd 30 rnln M^. the transtec 
lion, pI'U'l'M DNA amounts of 40, 4, 0.K, and 0.1 (*|? wre 
added to -\.S ml of n solution conialnlnR 0.12S m CuCl* 
and 1 X HWlffl. The four mixtures were left at room tin- 

feu U) mln ond then itddol Hmpwlsc to tlie cells. 
The fl»>K> JnuiUited al 37°C^ and £M. CX\ for 24 hr. 
washed with I'lUi. ««uspcnded In 1"HS. Tin' K'kiim 
jn-mK:d cells were divided into »lit|u.i(» und DNA wft4 ev- 
tructed Immediately usinR lliv QIAu/np KUnni Kit (QUgen. 

(ajotjwmh, <:a). una whs <-.iut«j into 200 ^1 oi 30 n.n 

Trls-1101 ul pll ».0. 
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methods. Peptides AENK or AEQKwere dissolved in water, made isotonic with 
NaCl and diluted into RPM1 growth medium. T-cell-proliferation assays were 
done essentially as described 2 "'. Briefly, after antigen pulsing (30u.gmr' 
TTCF) with tetrapeptides (l-2mgmr'), PBMCs or EBV-B cells were 
washed in PBS and fixed for 45 s in 0.05% glutaraldehyde. Glycine was added 
to a final concentration ofO.lM and the cells were washed five times in RPMI 
1640 medium containing 1% FCS before co-culture with T-cell clones in 
round-bottom 96-well microtitre plates. After 48 h, the cultures were pulsed 
with 1 u.Ci of 3 H-thymidine and harvested for scintillation counting 16 h later. 
Predigestion of native TTCF was done by incubating 200 u.g TTCF with 0.25 u.g 
pig kidney legumain in 500 u.1 50 mM citrate buffer, pH 5.5, for 1 h at 37 "C. 
Glycopeptide digestions. The peptides HIDNEEDI, HIDN(N-glucosamine) 
EEDI arid HIDNESDI, which are based on the TTCF sequence, and 
QQQHLFGSNVTDCSGNFCLFR(KKK), which is based on human transferrin, 
were obtained by custom synthesis. The three C-terminal lysine residues were 
added to the natural sequence to aid solubility. The transferrin glycopeptide 
QQQHLFGSNVTDCSGNFCLFR was prepared by tryptk (Promega) digestion 
of 5mg reduced, carboxy-methylated human transferrin followed by 
concanavalin A chromatography". Glycopeptides corresponding to residues 
622-642 and 421-452 were isolated by reverse-phase HPLC and identified by 
mass spectrometry and N-terminal sequencing. The lyophilized transferrin- 
derived peptides were redissolved in 50 mM sodium acetate, pH 5.5, 10 mM 
dithiothreitol, 20% methanol. Digestions were performed for 3 h at 30 °C with 
5-50 mil ml" 1 pig kidney legumain or B-cell AEP. Products were analysed by 
HPLC or MALDI-TOF mass spectrometry using a matrix of lOmgmr' ct- 
cyanocinnamic acid in 50% acetonitrile/0.1 % TFA and a PerSeptive Biosystems 
Elite STR mass spectrometer set to linear or reflector mode. Internal standar- 
dization was obtained with a matrix ion of 568.13 mass units. 
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Fas ligand (FasL) is produced by activated T cells and natural 
killer cells and it induces apoptosis (programmed cell death) in 
target cells through the death receptor Fas/Apol/CD95 (ref. 1). 
One important role of FasL and Fas is to mediate immune- 
cytotoxic killing of cells that are potentially harmful to the 
organism, such as virus-infected or tumour cells'. Here we 
report the discovery of a soluble decoy receptor, termed decoy 
receptor 3 (DcR3), that binds to FasL and inhibits FasL-induced 
apoptosis. The DcR3 gene was amplified in about half of 35 
primary lung and colon tumours studied, and DcR3 messenger 
RNA was expressed in malignant tissue. Thus, certain tumours 
may escape FasL-dependent immune-cytotoxic attack by expres- 
sing a decoy receptor that blocks FasL. 

By searching expressed sequence tag (EST) databases, we identi- 
fied a set of related ESTs that showed homology to the tumour 
necrosis factor (TNF) receptor (TNFR) gene superfamily 2 . Using 
the overlapping sequence, we isolated a previously unknown full- 
length complementary DNA from human fetal lung. We named the 
protein encoded by this cDNA decoy receptor 3 (DcR3). The cDNA 
encodes a 300-amino-acid polypeptide that resembles members of 
the TNFR family (Fig. la): the amino terminus contains a leader 
sequence, which is followed by four tandem cysteine-rich domains 
(CRDs). Like one other TNFR homologue, osteoprotegerin (OPG) 3 , 
DcR3 lacks an apparent transmembrane sequence, which indicates 
that it may be a secreted, rather than a membrane-asscociated, 
molecule. We expressed a recombinant, histidine-tagged form of 
DcR3 in mammalian cells; DcR3 was secreted into the cell culture 
medium, and migrated on polyacrylamide gels as a protein of 
relative molecular mass 35,000 (data not shown). DcR3 shares 
sequence identity in particular with OPG (31%) and TNFR2 
(29%), and has relatively less homology with Fas (17%). All of 
the cysteines in the four CRDs of DcR3 and OPG are conserved; 
however, the carboxy- terminal portion of DcR3 is 101 residues 
shorter. 

We analysed expression of DcR3 mRNA in human tissues by 
northern blotting (Fig. lb). We detected a predominant 1.2-kilobase 
transcript in fetal lung, brain, and liver, and in adult spleen, colon 
and lung. In addition, we observed relatively high DcR3 mRNA 
expression in the human colon carcinoma cell line SW480. 

To investigate potential ligand interactions of DcR3, we generated 
a recombinant, Fc-tagged DcR3 protein. We tested binding of 
DcR3-Fc to human 293 cells transfected with individual TNF- 
family ligands, which are expressed as type 2 transmembrane 
proteins (these transmembrane proteins have their N termini in 
the cytosol). DcR3-Fc showed a significant increase in binding to 
cells transfected with FasL 4 (Fig. 2a), but not to cells transfected with 
TNF 5 , AP02L/TRAIL 6 - 7 , Apo 3 L/TWEAK 8,9 , or OPGL/TRANCE/ 
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RANKL 10 " 12 (data not shown). DcR3-Fc immunoprecipitated shed 
FasL from FasL-transfected 293 cells (Fig. 2b) and purified soluble 
FasL (Fig. 2c), as did the Fc-tagged ectodomain of Fas but not 
TNFR1. Gel-filtration chromatography showed that DcR3-Fc and 
soluble FasL formed a stable complex (Fig. 2d). Equilibrium 
analysis indicated that DcR3-Fc and Fas-Fc bound to soluble 
FasL with a comparable affinity (K d — 0.8 ± 0.2 and 
l.l±0.1nM, respectively; Fig. 2e), and that DcR3-Fc could 
block nearly all of the binding of soluble FasL to Fas-Fc (Fig. 2e, 
inset). Thus, DcR3 competes with Fas for binding to FasL. 

To determine whether binding of DcR3 inhibits FasL activity, we 
tested the effect of DcR3-Fc on apoptosis induction by soluble 
FasL in Jurkat T leukaemia cells, which express Fas (Fig. 3a). DcR3- 
Fc and Fas-Fc blocked soluble- FasL-induced apoptosis in a 
similar dose-dependent manner, with half-maximal inhibition at 
—0.1 p-gmr 1 . Time-course analysis showed that the inhibition did 
not merely delay cell death, but rather persisted for at least 24 hours 
(Fig. 3b). We also tested the effect of DcR3-Fc on activation- 
induced cell death (AICD) of' mature T lymphocytes, a FasL- 
dependent process 1 . Consistent with previous results' 3 , activation 
of interleukin-2-stimulated CD4-positive T cells with anti-CD3 
antibody increased the level of apoptosis twofold, and Fas-Fc 
blocked this effect substantially (Fig. 3c); DcR3-Fc blocked the 



induction of apoptosis to a similar extent. Thus, DcR3 binding 
blocks apoptosis induction by FasL. 

FasL-induced apoptosis is important in elimination of virus- 
infected cells and cancer cells by natural killer cells and cytotoxic T 
lymphocytes; an alternative mechanism involves perforin and 
granzymes 1 ' 14 "". Peripheral blood natural killer cells triggered 
marked cell death in Jurkat T leukaemia cells (Fig. 3d); DcR3-Fc 
and Fas-Fc each reduced killing of target cells from —65% to 
—30%, with half-maximal inhibition at —1 p-gml" 1 ; the residual 
killing was probably mediated by the perforin/granzyme pathway. 
Thus, DcR3 binding blocks FasL-dependent natural killer cell 
activity. Higher DcR3-Fc and Fas-Fc concentrations were required 
to block natural killer cell activity compared with those required to 
block soluble FasL activity, which is consistent with the greater 
potency of membrane-associated FasL compared with soluble 
FasL". 

Given the role of immune-cytotoxic cells in elimination of 
tumour cells and the fact that DcR3 can act as an inhibitor of 
FasL, we proposed that DcR3 expression might contribute to the 
ability of some tumours to escape immune-cytotoxic attack. As 
genomic amplification frequently contributes to tumorigenesis, we 
investigated whether the DcR3 gene is amplified in cancer. We 
analysed DcR3 gene-copy number by quantitative polymerase chain 
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Figure 1 Primary structure and expression of human DcR3. a, Alignment of the 
amino-acid sequences of DcR3 and of osteoprotegerin (OPG); the C-terminal 101 
residues of OPG are not shown. The putative signal cleavage site (arrow), the 
cysteine-rich domains (CRD 1 -4), and theW-linked glycosylation site (asterisk) are 
shown, b. Expression of DcR3 mRNA. Northern hybridization analysis was done 
using the DcR3 cDNA as a probe and blots of poly(A)* RNA (Clontech) from 
human fetal and adult tissues or cancer cell lines. PBL. peripheral blood 
lymphocyte. 



Figure 2 Interaction of DcR3 with FasL. a, 293 cells were transfected with pRK5 
vector (top) or with pRK5 encoding full-length FasL (bottom), incubated with 
DcR3-Fc (sojid line, shaded area), TNFR1-Fc (dotted line) or buffer control 
(dashed line) (the dashed and dotted lines overlap), and analysed for binding by 
FACS. Statistical analysis showed a significant difference (P < 0.001 ) between the 
binding of DcR3-Fc to cells transfected with FasL or pRK5. PE, phycoerythrin- 
labelled cells, b, 293 cells were transfected as in a and metabolically labelled, and 
cell supernatants were immunoprecipitated with Fc-tagged TNFR1, DcR3 or Fas. 
c, Purified soluble FasL (sFasL) was immunoprecipitated with TNFR1 -Fc, DcR3- 
Fc or Fas-Fc and visualized by immunoblot with anti-FasL antibody. sFasL was 
loaded directly for comparison in the right-hand lane, d. Flag-tagged sFasL was 
incubated with DcR3-Fc or with buffer and resolved by gel filtration; column 
fractions were analysed in an assay that detects complexes containing DcR3-Fc 
and sFasL-Flag. e, Equilibrium binding of DcR3-Fc or Fas-Fc to sFasL-Flag. 
Inset, competition of DcR3-Fc with Fas-Fc for binding to sFasL-Flag. 
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reaction (PCR) 18 in genomic DNA from 35 primary lung and colon 
tumours, relative to pooled genomic DNA from peripheral blood 
leukocytes (PBLs) of 10 healthy donors. Eight of 18 lung tumours 
and 9 of 17 colon tumours showed DcR3 gene amplification, 
ranging from 2- to 18-fold (Fig. 4a, b). To confirm this result, we 
analysed the colon tumour DNAs with three more, independent sets 
of DcR3-based PCR primers and probes; we observed nearly the 
same amplification (data not shown). 

We then analysed DcR3 mRNA expression in primary tumour 
tissue sections by in situ hybridization. We detected DcR3 expres- 
sion in 6 out of 15 lung tumours, 2 out of 2 colon tumours, 2 out of 5 
breast tumours, and 1 out of 1 gastric tumour (data not shown). A 
section through a squamous-cell carcinoma of the lung is shown in 
Fig. 4c. DcR3 mRNA was localized to infiltrating malignant epithe- 
lium, but was essentially absent from adjacent stroma, indicating 
tumour-specific expression. Although the individual tumour speci- 
mens that we analysed for mRNA expression and gene amplification 
were different, the in situ hybridization results are consistent with 
the finding that the DcR3 gene is amplified frequently in tumours. 
SW480 colon carcinoma cells, which showed abundant DcR3 
mRNA expression (Fig. lb), also had marked DcR3 gene amplifica- 
tion, as shown by quantitative PCR (fourfold) and by Southern blot 
hybridization (fivefold) (data not shown). 

If DcR3 amplification in cancer is functionally relevant, then 
DcR3 should be amplified more than neighbouring genomic 
regions that are not important for tumour survival. To test this, 
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Figure 3 Inhibition of FasL activity by DcR3. a, Human Jurkat T leukaemia cells 
were incubated with Flag-tagged soluble FasL (sFasL; 5ngmr') oligomerized 
with anti-Flag antibody (0.1 iig mr 1 ) in the presence of the proposed inhibitors 
DcR3-Fc. Fas-Fc or human IgGI arid assayed for apoptosis (mean ± s.e.m. of 
triplicates), b, Jurkat cells were incubated with sFasL-Flag plus anti-Flag antibody 
as in a, in presence of 1 |ig ml"' DcR3-Fc (filled circles), Fas-Fc (open circles) or 
human IgGI (triangles), and apoptosis was determined at the indicated time 
points, c, Peripheral blood T cells were stimulated with PHA and interleukin-2. 
followed by control (white bars) or anti-CD3 antibody (filled bars), together with 
phosphate-buffered saline (PBS), human IgGI, Fas-Fc, or DcR3-Fc (lOngml" 1 ). 
After 16 h, apoptosis of CD4* cells was determined (mean £ s.e.m. of results from 
five donors), d. Peripheral blood natural killer cells were incubated with 5l Cr- 
labelled Jurkat cells in the presence of DcR3-Fc (filled circles), Fas-Fc (open 
circles) or human IgGI (triangles), and target-cell death was determined by 
release of 5 'Cr (mean ± s.d. for two donors, each in triplicate). 



we mapped the human DcR3 gene by radiation-hybrid analysis; 
DcR3 showed linkage to marker AFM2 18xe7 (T160), which maps to 
chromosome position 20ql3. Next, we isolated from a bacterial 
artificial chromosome (BAC) library a human genomic clone that 
carries DcR3, and sequenced the ends of the clone's insert. We then 
determined, from the nine colon tumours that showed twofold or 
greater amplification of DcR3, the copy number of the DcR3- 
flanking sequences (reverse and forward) from the BAC, and of 
seven genomic markers that span chromosome 20 (Fig. 4d). The 
DcR3-linked reverse marker showed an average amplification of 
roughly threefold, slighdy less than the approximately fourfold 
amplification of DcR3; the other markers showed little or no 
amplification. These data indicate that DcR3 may be at the 'epi- 
centre' of a distal chromosome 20 region that is amplified in colon 
cancer, consistent with the possibility that DcR3 amplification 
promotes tumour survival. 

Our results show that DcR3 binds specifically to FasL and inhibits 
FasL activity. We did not detect DcR3 binding to several other TNF- 
ligand-family members; however, this does not rule out the possi- 
bility that DcR3 interacts with other ligands, as do some other 
TNFR family members, including OPG 2 *". 

FasL is important in regulating the immune response; however, 
little is known about how FasL function is controlled. One mechan- 
ism involves the molecule cFLIP, which modulates apoptosis signal- 
ling downstream of Fas 20 . A second mechanism involves proteolytic 
shedding of FasL from the cell surface 17 . DcR3 competes with Fas for 




Figure 4 Genomic amplification of DcR3 in tumours, a, Lung cancers, comprising 
eight adenocarcinomas (c, d, f, g, h, j, k, r), seven squamous-cell carcinomas (a, e, 
m, n. o, p. q), one non-small-cell carcinoma (b), one small-cell carcinoma (i), and 
one bronchial adenocarcinoma (I). The data are means ± s.d. of 2 experiments 
done in duplicate, b. Colon tumours, comprising 17 adenocarcinomas. Data are 
means ± s.e.m. of five experiments done in duplicate, c, In situ hybridization 
analysis of DcR3 mRNA expression in a squamous-cell carcinoma of the lung. A 
representative bright-field image (left) and the corresponding dark-field image 
(right) show DcR3 mRNA over infiltrating malignant epithelium (arrowheads). 
Adjacent non-malignant stroma (S), blood vessel (V) and necrotic tumour tissue 
(N) are also shown, d, Average amplification of DcR3 compared with amplifica- 
tion of neighbouring genomic regions (reverse and forward, Rev and Fwd), the 
DcR3-linked marker T160, and other chromosome-20 markers, in the nine colon 
tumours showing DcR3 amplification of twofold or more (b). Data are from two 
experiments done in duplicate. Asterisk indicates P < 0.01 for a Student's f-test 
comparing each marker with DcR3. 
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FasL binding; hence, it may represent a third mechanism of 
extracellular regulation of FasL activity. A decoy receptor that 
modulates the function of the cytokine interleukin- 1 has been 
described 21 . In addition, two decoy receptors that belong to the 
TNFR family, DcRl and DcR2, regulate the FasL-related apoptosis- 
inducing molecule Apo2L 22 . Unlike DcRl and DcR2, which are 
membrane-associated proteins, DcR3 is directly secreted into the 
extracellular space. One other secreted TNFR-family member is 
OPG 3 , which shares greater sequence homology with DcR3 (31%) 
than do DcRl (17%) or DcR2 (19%); OPG functions as a third 
decoy for Apo2L". Thus, DcR3 and OPG define a new subset of 
TNFR-family members that function as secreted decoys to mod- 
ulate ligands that induce apoptosis. Pox viruses produce soluble 
TNFR homologues that neutralize specific TNF-family ligands, 
thereby modulating the antiviral immune response 2 . Our results 
indicate that a similar mechanism, namely, production of a soluble 
decoy receptor for FasL, may contribute to immune evasion by 
certain tumours. Q 



Methods 

Isolation of DcR3 cDNA. Several overlapping ESTs in GenBank (accession 
numbers AA025672, AA025673 and W67560) and in Lifeseq™ (Incyte 
Pharmaceuticals; accession numbers 1339238, 1533571, 1533650, 1542861, 
1789372 and 2207027) showed similarity to members of the TNFR family. We 
screened human cDNA libraries by PCR with primers based on the region of 
EST consensus; fetal lung was positive for a product of the expected size. By 
hybridization to a PCR-generated probe based on the ESTs, one positive clone 
(DNA30942) was identified. When searching for potential alternatively spliced 
forms of DcR3 that might encode a transmembrane protein, we isolated 50 
more clones; the coding regions of these clones were identical in size to that of 
the initial clone (data not shown). 

Fc-tusion proteins (immunoadhesins). The entire DcR3 sequence, or the 
ectodomain of Fas or TNFR1 , was fused to the hinge and Fc region of human 
IgGl, expressed in insect SF9 cells or in human 293 cells, and purified as 
described". *; 

Fluorescence-activated cell sorting (FACS) analysis. We transfected 293 
cells using calcium phosphate or Effectene (Qiagen) with pRK5 vector or pRK5 
encoding full-length human FasL' (2 |xg), together with pRK5 encoding CrmA 
(2u.g) to prevent cell death. After 16 h, the cells were incubated with 
biotinylated DcR3-Fc or TNFRl-Fc and then with phycoerythrin-conjugated 
streptavidin (GibcoBRL).and were assayed by FACS. The data were analysed by 
Kolmogorov^Smirnov statistical analysis. There was some detectable staining 
of vector-transfected cells by DcR3-Fc; as these cells express little FasL (data 
not shown), it is possible that DcR3 recognized some other factor that is 
expressed cbnstitutively on 293 cells. 

Immunoprecipitation. Human 293 cells were transfected as above, and 
metabolically labelled with [ 35 S]cysteine and | 35 S]methionine (0.5 mCi; 
Amersham). After 16h of culture in the presence of z-VAD-fmk (10u,M), 
the medium was immunoprecipitated with DcR3-Fc, Fas-Fc or TNFRl-Fc 
(5 u,g), followed by protein A-Sepharose (Repligen). The precipitates were 
resolved by SDS-PAGE and visualized on a phosphorimager (Fuji BAS2000). 
Alternatively, purified, Flag-tagged soluble FasL ( 1 u,g) (Alexis) was incubated 
with each Fc-fusion protein (1 jig), precipitated with protein A-Sepharose, 
resolved by SDS-PAGE and visualized by immunoblotting with rabbit anti- 
FasL antibody (Oncogene Research). 

Analysis of complex formation. Flag-tagged soluble FasL (25u,g) was 
incubated with buffer or with DcR3-Fc (40 u.g) for 1 .5 h at 24 °C. The reaction 
was loaded onto a Superdex 200 HR 10/30 column (Pharmacia) and developed 
with PBS; 0.6-ml fractions were collected. The presence of DcR3-Fc-FasL 
complex in each fraction was analysed by placing 100 uJ aliquots into microti tre 
wells precoated with anti-human IgG (Boehringer) to capture DcR3-Fc, 
followed by detection with biotinylated anti-Flag antibody Bio M2 (Kodak) and 
streptavidin-horseradish peroxidase (Amersham). Calibration of the column 
indicated an apparent relative molecular mass of the complex of 420K (data not 
shown), which is consistent with a stoichiometry of two DcR3— Fc homodimers 
to two soluble FasL homotrimers. 

Equilibrium binding analysis. Microtitre wells were coated with anti-human 
702 



IgG, blocked with 2% BSA in PBS. DcR3-Fc or Fas-Fc was added, followed by 
serially diluted Flag-tagged soluble FasL. Bound ligand was detected with anti- 
Flag antibody as above. In the competition assay, Fas-Fc was immobilized as 
above, and the wells were blocked with excess IgGl before addition of Flag- 
tagged soluble FasL plus DcR3-Fc. 

T-cell AICD. CD3* lymphocytes were isolated from peripheral blood of 
individual donors using anti-CD3 magnetic beads (Miltenyi Biotech), 
stimulated with phytohaemagglutinin (PHA; 2 u,g ml" 1 ) for 24 h, and cultured 
in the presence of interleukin-2 (100 U ml" 1 ) for 5 days. The cells were plated in 
wells coated with anti-CD3 antibody (Pharmingen) and analysed for apoptosis 
16 h later by FACS analysis of annexin-V-binding of CD4 + cells 24 . 
Natural killer cell activity. Natural killer cells were isolated from peripheral 
blood of individual donors using anti-CD56 magnetic beads (Miltenyi 
Biotech), and incubated for 16h with 5l Cr-loaded Jurkat cells at an effector- 
to-target ratio of 1:1 in the presence of DCR3-Fc, Fas-Fc or human IgGl. 
Target-cell death was determined by release of 51 Cr in effector-target co- 
cultures relative to release of 5l Cr by detergent lysis of equal numbers of Jurkat 
cells. 

Gene-amplification analysis. Surgical specimens were provided by J. Kern 
(lung tumours) and P. Quirke (colon tumours). Genomic DNA was extracted 
(Qiagen) and the concentration was determined using Hoechst dye 33258 
intercalation fluorometry. Amplification was determined by quantitative PCR" 
using a TaqMan instrument (ABI). The method was validated by comparison of 
PCR and Southern hybridization data for the Myc and HER-2 oncogenes (data 
not shown). Gene-specific primers and fluorogenic probes were designed on 
the basis of the sequence of DcR3 or of nearby regions identified on a BAC 
carrying the human DcR3 gene; alternatively, primers and probes were based 
on Stanford Human Genome Center marker AFM218xe7 (T160), which is 
linked to DcR3 (likelihood score = 5.4), SHGC-36268 (T159), the nearest 
available marker which maps to ~500 kilobases from T160, and five extra 
markers that span chromosome 20. The DcR3-specific primer sequences were 
5'-CTTCTTCGCGCACGCTG-3' and 5'-ATCACGCCGGCACCAG-3' and the 
fluorogenic probe sequence was 5'-(FAM-ACACGATGCGTGCTCCAAGCAG 
AAp-(TAMARA), where FAM is 5'-fluorescein phosphoramidite. Relative 
gene-copy numbers were derived using the formula 2 WCT) , where ACT is the 
difference in amplification cycles required to detect DcR3 in peripheral blood 
lymphocyte DNA compared to test DNA. 
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ABC transporters (also known as traffic ATPases) form a large 
family of proteins responsible for the translocation of a variety 
of compounds across membranes of both prokaryotes and 
eukaryotes 1 . The recently completed Escherichia coli genome 
sequence revealed that the largest family of paralogous E coli 
proteins is composed of ABC transporters 2 . Many eukaryotic 
proteins of medical significance belong to this family, such as 
the cystic fibrosis transmembrane conductance regulator (CFTR), 
the P-glycoprotein (or multidrug-resistance protein) and the 
heterodimeric transporter associated with antigen processing 
(Tapl-Tap2). Here we report the crystal structure at 1.5 A resolu- 
tion of HisP, the ATP-binding subunit of the histidine permease, 
which is an ABC transporter from Salmonella typhimurium. We 
correlate the details of this structure with the biochemical, genetic 
and biophysical properties of the wild-type and several mutant 
HisP proteins. The structure provides a basis for understanding 
properties of ABC transporters and of defective CFTR proteins. 

ABC transporters contain four structural domains: two nucleo- 
tide-binding domains (NBDs), which are highly conserved 
throughout the family, and two transmembrane domains'. In 
prokaryotes these domains are often separate subunits which are 
assembled into a membrane-bound complex; in eukaryotes the 
domains are generally fused into a single polypeptide chain. The 
periplasmic histidine permease of S. typhimurium and E. coli' J " 8 is a 
well-characterized ABC transporter that is a good model for this 
superfamily. It consists of a membrane-bound complex, HisQMP 2 , 
which comprises integral membrane subunits, HisQ and HisM, and 
two copies of HisP, the ATP-binding subunit. HisP, which has 
■properties intermediate between those of integral and peripheral 
membrane proteins', is accessible from both sides of the membrane, 
presumably by its interaction with HisQ and HisM 6 . The two HisP 
subunits form a dimer, as shown by their cooperativity in ATP 
hydrolysis 5 , the requirement for both subunits to be present for 
activity", and the formation of a HisP dimer upon chemical cross- 
linking. Soluble HisP also forms a dimer 3 . HisP has been purified 
and characterized in an active soluble form 3 which can be recon- 
stituted into a fully active membrane-bound complex*. 

The overall shape of the crystal structure of the HisP monomer is 
that of an 'L' with two thick arms (arm I and arm II); the ATP- 
binding pocket is near the end of arm I (Fig. 1). A six-stranded p- 
sheet (B3 and 88-pl2) spans both arms of the L, with a domain of a 
a- plus (3-type structure (pi, P2, P4-P7, al and a2) on one side 
(within arm I) and a domain of mostly ct-helices (a3-a9) on the 
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Figure 1 Crystal structure of HisP. a, View, of the dimer along an axis 
perpendicular to its two-fold axis. The top and bottom of the dimer are suggested 
to face towards the periplasmic and cytoplasmic sides, respectively (see text). 
The thickness of arm II is about 25 A, comparable to that of membrane. a-Helices 
are shown in orange and 0-sheets in green, b. View along the two-fold axis of the 
HisP dimer, showing the relative displacement of the monomers not apparent in 
a. The p-strands at the dimer interface are labelled, c, View of one monomerfrom 
the bottom of arm I, as shown in a, towards arm II, showing the ATP-binding 
pocket, a-c, The protein and the bound ATP are in 'ribbon' and 'ball-and-stick' 
representations, respectively. Key residues discussed in the text are indicated in 
c. These figures were prepared with MOLSCRIPT 29 . N, amino terminus; C, C 
terminus. 
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Gene amplification is a common event in the progression of 
human cancers, and amplified oncogenes have been shown to 
have diagnostic, prognostic and therapeutic relevance. A 
kinetic quantitative polymerase-chain-reaction (PCR) method, 
based on fluorescent TaqMan methodology and a new instru- 
ment (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real-time, was used to quantify 
gene amplification in tumor DNA. Reactions are character- 
ized by the point during cycling when PCR amplification is still 
in the exponential phase, rather than the amount of PCR 
product accumulated after a fixed number of cycles. None of 
the reaction components is limited during the exponential 
phase, meaning that values are highly reproducible in reac- 
tions starting with the same copy number. This greatly 
improves the precision of DNA quantification. Moreover, 
real-time PCR does not require post-PCR sample handling, 
thereby preventing potential PCR-product carry-over con- 
tamination; it possesses a wide dynamic range of quantifica- 
tion and results in much faster and higher sample throughput. 
The real-time PCR method, was used to develop and validate 
a simple and rapid assay for the detection and quantification 
of the 3 most frequently amplified genes (myc, ccndl and 
erbB2) in breast tumors. Extra copies of myc, ccndl and erbB2 
were observed in 10, 23 and 15%, respectively, of 108 breast- 
tumor DNA; the largest observed numbers of gene copies 
were 4.6, 18.6 and 15.1, respectively. These results correlated 
well with those of Southern blotting. The use of this new 
semi-automated technique will make molecular analysis of 
human cancers simpler and more reliable, and should find 
broad applications in clinical and research settings. Int. 1. 
Cancer 78:661 -666, 1 998. 
© 1998 Wiley-Liss. Inc. 

. Gene amplification plays an important role in the pathogenesis 
of various solid tumors, including breast cancer, probably because 
over-expression of the amplified target genes confers a selective 
advantage. The first technique used to detect genomic amplification 
was cytogenetic analysis. Amplification of several chromosome 
regions, visualized either as extrachromosomal double minutes 
(dmins) or as integrated homogeneously staining regions (HSRs), 
are among the main visible cytogenetic abnormalities in breast 
tumors. Other techniques such as comparative genomic hybridiza- 
tion (CGH) (Kallioniemi el al., 1 994) have also been used in broad 
searches for regions of increased DNA copy numbers in tumor 
cells, and have revealed some 20 amplified chromosome regions in 
breast tumors. Positional cloning efforts are underway to identify 
the critical gene(s) in each amplified region. To date, genes known 
to be amplified frequently in breast cancers include myc (8q24), 
ccndl ( 1 lq 1 3), and erbBl ( 1 7q 1 2-q2 1 ) (for review, see Bieche and 
Lidereau, 1995). 

Amplification of the myc, ccndl, and er6B2 proto-oncogenes 
should have clinical relevance in breast cancer, since independent 
studies have shown that these alterations can be used to identify 
sub-populations with a worse prognosis (Berns et al., 1992; 
Schuuring et al., 1992; Slamon et al., 1987). Muss et al. (1994) 
suggested that these gene alterations may also be useful for the 
prediction and assessment of the efficacy of adjuvant chemotherapy 
and hormone therapy. 

However, published results diverge both in terms of the fre- 
quency of these alterations and their clinical value. For instance, 
over 500 studies in 10 years have failed to resolve the controversy 



surrounding the link suggested by Slamon et al. (1987) between 
erbB2 amplification and disease progression. These discrepancies 
are partly due to the clinical, histological and ethnic heterogeneity 
of breast cancer, but technical considerations are also probably 
involved. 

Specific genes (DNA) were initially quantified in tumor cells by 
means of blotting procedures such as Southern and slot blotting. 
These batch techniques require large amounts of DNA (5-10 
ug/reaction) to yield reliable quantitative results. Furthermore, 
meticulous care is required at all stages of the procedures to 
generate blots of sufficient quality for reliable dosage analysis. 
Recently, PCR has proven to be a powerful tool for quantitative 
DNA analysis, especially with minimal starting quantities of tumor 
samples (small, early-stage tumors and formalin-fixed, paraffin- 
embedded tissues). 

Quantitative PCR can be performed by evaluating the amount of 
product either after a given number of cycles (end-point quantita- 
tive PCR) or after a varying number of cycles during the 
exponential phase (kinetic quantitative PCR). In the first case, an 
internal standard distinct from the target molecule is required to 
ascertain PCR efficiency. The method is relatively easy but implies 
generating, quantifying and storing an internal standard for each 
gene studied. Nevertheless, it is the most frequently applied 
method to date. 

One of the major advantages of the kinetic method is its rapidity 
in quantifying a new gene, since no internal standard is required (an 
external standard curve is sufficient). Moreover, the kinetic method 
has a wide dynamic range (at least 5 orders of magnitude), giving 
an accurate value for samples differing in their copy number. 
Unfortunately, the method is cumbersome and has therefore been 
rarely used. It involves aliquot sampling of each assay mix at 
regular intervals and quantifying, for each aliquot, the amplifica- 
tion product. Interest in the kinetic method has been stimulated by a 
novel approach using fluorescent TaqMan methodology and a new 
instrument (ABI Prism 7700 Sequence Detection System) capable 
of measuring fluorescence in real time (Gibson et al., 1 996; Heid et 
al., 1996). The TaqMan reaction is based on the 5' nuclease assay 
first described by Holland et al. (1991). The latter uses the 5' 
nuclease activity of Taq polymerase to cleave a specific fluorogenic 
oligonucleotide probe during the extension phase of PCR. The 
approach uses dual-labeled fluorogenic hybridization probes (Lee 
et al., 1993). One fluorescent dye, co-valently linked to the 5' end 
of the oligonucleotide, serves as a reporter [FAM (i.e., 6-carboxy- 
fluorescein)] and its emission spectrum is quenched by a second 
fluorescent dye, TAMRA (i.e., 6-carboxy-tetramethyI-rhodamine) 
attached to the 3' end. During the extension phase of the PCR 
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cycle, the fluorescent hybridization probe is hydrolyzed by the 
5'-3' nucleolytic activity of DNA polymerase. Nuclease degrada- 
tion of the probe releases the quenching of FAM fluorescence 
emission, resulting in an increase in peak fluorescence emission. 
The fluorescence signal is normalized by dividing the emission 
intensity of the reporter dye (FAM) by the emission intensity of a 
reference dye {i.e., ROX, 6-carboxy-X-rhodamine) included in 
TaqMan buffer, to obtain a ratio defined as the Rn (normalized 
reporter) for a given reaction tube. The use of a sequence detector 
enables the fluorescence spectra of all 96 wells of the thermal 
cycler to be measured continuously during PCR amplification. 

The real-time PCR method offers several advantages over other 
current quantitative PCR methods (Celi et al, 1994): (i) the 
probe-based homogeneous assay provides a real-time method for 
detecting only specific amplification products, since specific hybri- 
dation of both the primers and the probe is necessary to generate a 
signal; (ii) the G (threshold cycle) value used for quantification is 
measured when PCR amplification is still in the log phase of PCR 
product accumulation. This is the main reason why Q is a more 
reliable measure of the starting copy number than are end-point 
measurements, in which a slight difference in a limiting component 
can have a drastic effect on the amount of product; (Hi) use of C, 
values gives a wider dynamic range (at least 5 orders of magni- 
tude), reducing the need for serial dilution; (iv) The real-time PCR 
method is run in a closed-tube system and requires no post-PCR 
sample handling, thus avoiding potential contamination; (v) the 
system is highly automated, since the instrument continuously 
measures fluorescence in all 96 wells of the thermal cycler during 
PCR amplification and the corresponding software processes, and 
analyzes the fluorescence data; (vi) the assay is rapid, as results are 
available just one minute after thermal cycling is complete; (vii) the 
sample throughput of the method is high, since 96 reactions can be 
analyzed in 2 hr. 

Here, we applied this semi-automated procedure to determine 
the copy numbers of the 3 most frequently amplified genes in breast 
rumors (myc, ccndl and erbBT), as well as 2 genes (alb and app) 
located in a chromosome region in which no genetic changes have 
been observed in breast rumors. The results for 108 breast tumors 
were compared with previous Southem-blot data for the same 
samples. 



MATERIAL AND METHODS 
Tumor and blood samples 

Samples were obtained from 1 08 primary breast tumors removed 
surgically from patients at the Centre Rene Huguenin; none of the 
patients had undergone radiotherapy or chemotherapy. Immedi- 
ately after surgery, the tumor samples were placed in liquid 
nitrogen until extraction of high-molecular-weight DNA. Patients 
were included in this study if the tumor sample used for DNA 
preparation contained more than 60% of tumor cells (histological 
analysis). A blood sample was also taken from 18 of the same 
patients. 

DNA was extracted from tumor tissue and blood leukocytes 
according to standard methods. 

Real-time PCR 

Theoretical basis. Reactions are characterized by the point 
during cycling when amplification of the PCR product is first 
detected, rather than by the amount of PCR product accumulated 
after a fixed number of cycles. The higher the starting copy number 
of the genomic DNA target, the earlier a significant increase in 
fluorescence is observed. The parameter C, (threshold cycle) is 
defined as the fractional cycle number at which the fluorescence 
generated by cleavage of the probe passes a fixed threshold above 
baseline. The target gene copy number in unknown samples is 
quantified by measuring C, and by using a standard curve to 
determine the starting copy number. The precise amount of 
genomic DNA (based on optical density) and its quality (i.e., lack 



of extensive degradation) are both difficult to assess. We therefore 
also quantified a control gene (alb) mapping to chromosome region 
4qll-ql3, in which no genetic alterations have been found in 
breast-tumor DNA by means of CGH (Kallioniemi et al., 1 994). 

Thus, the ratio of the copy number of the target gene to the copy 
number of the alb gene normalizes the amount and quality of 
genomic DNA. The ratio defining the level of amplification is 
termed "N", and is determined as follows: 

copy number of target gene (app, myc, ccndl, erbB2) 

N = : . 

copy number of reference gene (alb) 

Primers, probes, reference human genomic DNA and PCR 
consumables. Primers and probes were chosen with the assistance 
of the computer programs Oligo 4.0 (National Biosciences, Ply- 
mouth, MN), EuGene (Daniben Systems, Cincinnati, OH) and Primer 
Express (Perkin-Elmer Applied Biosystems, Foster City, CA). 

Primers were purchased from DNAgency (Malvern, PA) and 
probes from Perkin-Elmer Applied Biosystems. 

Nucleotide sequences for the oligonucleotide hybridization 
probes and primers are available on request. 

The TaqMan PCR Core reagent kit, MicroAmp optical tubes, 
and MicroAmp caps were from Perkin-Elmer Applied Biosystems. 

Standard-curve construction. The kinetic method requires a 
standard curve. The latter was constructed with serial dilutions of 
specific PCR products, according to Piatak et al. (1993). In 
practice, each specific PCR product was obtained by amplifying 20 
ng of a standard human genomic DNA (Boehringer, Mannheim, 
Germany) with the same primer pairs as those used later for 
real-time quantitative PCR. The 5 PCR products were purified 
using MicroSpin S-400 HR columns (Pharmacia, Uppsala, Swe- 
den) electrophorezed through an acrylamide gel and stained with 
ethidium bromide to check their quality. The PCR products were 
then quantified spectrophotometrically and pooled, and serially 
diluted 10-fold in mouse genomic DNA (Clontech, Palo Alto, CA) 
at a constant concentration of 2 ng/ul. The standard curve used for 
real-time quantitative PCR was based on serial dilutions of the pool 
of PCR products ranging from 10" 7 (10 s copies of each gene) to 
10~ 10 (10 2 copies). This series of diluted PCR products was 
aliquoted and stored at -80°C until use. 

The standard curve was validated by analyzing 2 known 
quantities of calibrator human genomic DNA (20 ng and 50 ng). 

PCR amplification. Amplification mixes (50 ul) contained the 
sample DNA (around 20 ng, around 6600 copies of disomic genes), 
10X TaqMan buffer (5 ul), 200 uM dATP, dCTP, dGTP, and 400 
uM dUTP, 5 mM MgCI 2 , 1.25 units of AmpliTaq Gold, 0.5 units of 
AmpErase uracil N-glycosylase (UNG), 200 nM each primer and 
100 nM probe. The thermal cycling conditions comprised 2 min at 
50°C and 1 0 min at 95°C. Thermal cycling consisted of 40 cycles at 
95°C for 15 s and 65°C for 1 min. Each assay included: a standard 
curve (from 10 5 to 10 2 copies) in duplicate, a no-template control, 
20 ng and 50 ng of calibrator human genomic DNA (Boehringer) in 
triplicate, and about 20 ng of unknown genomic DNA in triplicate 
(26 samples can thus be analyzed on a 96-well microplate). All 
samples with a coefficient of variation (CV) higher than 10% were 
retested. 

All reactions were performed in the ABI Prism 7700 Sequence 
Detection System (Perkin-Elmer Applied Biosystems), which 
detects the signal from the fluorogenic probe during PCR. 

Equipment for real-time detection. The 7700 system has a 
built-in thermal cycler and a laser directed via fiber optical cables 
to each of the 96 sample wells. A charge-coupled-device (CDD) 
camera collects the emission from each sample and the data are 
analyzed automatically. The software accompanying the 7700 
system calculates C, and determines the starting copy number in the 
samples. 



GENE AMPLIFICATION BY REAL-TIME PCR 



Determination of gene amplification. Gene amplification was 
calculated as described above. Only samples with an N value 
higher than 2 were considered to be amplified. 

RESULTS 

To validate the method, real-time PCR was performed on 
genomic DNA extracted from 108 primary breast tumors, and 18 
normal leukocyte DNA samples from some of the same patients. 
The target genes were the myc, ccndl and erbB2 proto-oncogenes, 
and the P-amyloid precursor protein gene (app), which maps to a 
chromosome region (21q21.2) in which no genetic alterations have 
been found in breast tumors (Kallioniemi et al., 1994). The 
reference disomic gene was the albumin gene (alb, chromosome 
4qll-ql3). 
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Validation of the standard curve and dynamic range 
of real-time PCR 

The standard curve was constructed from PCR products serially 
diluted in genomic mouse DNA at a constant concentration of 
2 ng/ul. It should be noted that the 5 primer pairs chosen to analyze 
the 5 target genes do not amplify genomic mouse DNA (data not 
shown). Figure 1 shows the real-time PCR standard curve for the 
alb gene. The dynamic range was wide (al least 4 orders of 
magnitude), with samples containing as few as 1 0 2 copies or as 
many as 1 0 5 copies. 

Copy-number ratio of the 2 reference genes (app and alb,) 

The app to alb copy-number ratio was determined in 1 8 normal 
leukocyte DNA samples and all 108 primary breast-tumor DNA 
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Figure 1 - Albumin (alb) gene dosage by real-time PCR. Top: Amplification plots for reactions with starting alb gene copy number ranging 
from 10 s (A9), 10 4 (A7), 10 3 (A4) to 10 2 (A2) and a no-template control (Al). Cycle number is plotted vs. change in normalized reporter signal 
(ARn). For each reaction tube, the fluorescence signal of the reporter dye (FAM) is divided by the fluorescence signal of the passive reference dye 
(ROX), to obtain a ratio defined as the normalized reporter signal (Rn). ARn represents the normalized reporter signal (Rn) minus the baseline 
signal established in the first 15 PCR cycles. ARn increases during PCR as alb PCR product copy number increases until the reaction reaches a 
plateau. C, (threshold cycle) represents the fractional cycle number at which a significant increase in Rn above a baseline signal (horizontal black 
line) can first be detected. Two replicate plots were performed for each standard sample, but the data for only one are shown here. Bottom: 
Standard curve plotting log starting copy number vs. C, (threshold cycle). The black dots represent the data for standard samples plotted in 
duplicate and the red dots the data for unknown genomic DNA samples plotted in triplicate. The standard curve shows 4 orders of linear dynamic 
range. 
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samples. We selected these 2 genes because they are located in 2 
chromosome regions (app, 21q21.2; alb, 4qll-ql3) in which no 
obvious genetic changes (including gains or losses) have been 
observed in breast cancers (Kallioniemi et al., 1994). The ratio for 
the 18 normal leukocyte DNA samples fell between 0.7 and 1.3 
(mean 1.02 ± 0.21), and was similar for the 108 primary breast- 
tumor DNA samples (0.6 to 1 .6, mean 1 .06 ± 0.25), confirming 
that alb and app are appropriate reference disomic genes for 
breast-tumor DNA. The low range of the ratios also confirmed that 
the nucleotide sequences chosen for the primers and probes were 
not polymorphic, as mismatches of their primers or probes with the 
subject's DNA would have resulted in differential amplification. 

myc, ccndl and erb52 gene dose in normal leukocyte DNA 

To determine the cut-off point for gene amplification in breast- 
cancer tissue, 1 8 normal leukocyte DNA samples were tested for 
the gene dose (N), calculated as described in "Material and 
Methods". The N value of these samples ranged from 0.5 to 1.3 
(mean 0.84 ± 0.22) for mvc, 0.7 to 1.6 (mean 1.06 ± 0.23) for 
ccndl and 0.6 to 1 .3 (mean0.9 1 ± 0. 1 9) for erbB2. Since N values 
for myc, ccndl and erbB2 in normal leukocyte DNA consistently 
fell between 0.5 and 1.6, values of 2 or more were considered to 
represent gene amplification in tumor DNA. 

myc, ccndl and erb52 gene dose in breast-tumor DNA 

myc, ccndl and erbBl gene copy numbers in the 108 primary 
breast tumors are reported in Table I. Extra copies of ccndl were 
more frequent (23%, 25/108) than extra copies of erbB2 (15%, 
16/108) and myc (10%, 11/108), and ranged from 2 to 18.6 for 
ccndl, 2 to 15.1 for erbB2, and only 2 to 4.6 for the myc gene. 
Figure 2 and Table II represent tumors in which the ccndl gene was 
amplified 1 6-fold (T 1 45), 6-fold (T 1 33) and non-amplified (T 1 1 8). 
The 3 genes were never found to be co-amplified in the same tumor. 
erbB2 and ccndl were co-amplified in only 3 cases, myc and ccndl 
in 2 cases and myc and erbB2 in 1 case. This favors the hypothesis 
that gene amplifications are independent events in breast cancer. 
Interestingly, 5 tumors showed a decrease of at least 50% in the 
erbBl copy number (N < 0.5), suggesting that they bore deletions 
of the 17q21 region (the site of erbB2). No such decrease in copy 
number was observed with the other 2 proto-oncogenes. 

. Comparison of gene dose determined by real-time quantitative 
PCR and Southern-blot analysis 

Southern-blot analysis of myc, ccndl and erbB2 amplifications 
had previously been done on the same 1 08 primary breast tumors. A 
perfect correlation between the results of real-time PCR and 
Southern blot was obtained for tumors with high copy numbers 
(N a 5). However, there were cases (1 myc, 6 ccndl and 4 erbBl) 
in which real-time PCR showed gene amplification whereas 
Southem-blot did not, but these were mainly cases with low extra 
copy numbers (N from 2 to 2.9). 

DISCUSSION 

The clinical applications of gene amplification assays are 
currently limited, but would certainly increase if a simple, standard- 
ized and rapid method were perfected. Gene amplification status 
has been studied mainly by means of Southern blotting, but this 
method is not sensitive enough to detect low-level gene amplifica- 
tion nor accurate enough to quantify the full range of amplification 
values. Southern blotting is also time-consuming, uses radioactive 



TABLE 1 - DISTRIBUTION OF AMPLIFICATION LEVEL (N) FOR myc. 
ccndl AND erbBl GENES IN 108 HUMAN BREAST TUMORS 



Gene 




Amplification level (N) 




<0.5 


0.5-1.9 


2-4.9 


a5 


myc 

ccndl 

erbm 


0 
0 

5 (4.6%) 


97 (89.8%) 

83 (76.9%) 
87 (80.6%) 


11 (10.2%) 

17(15.7%) 
8 (7.4%) 


0 

8 (7.4%) 
8 (7.4%) 



reagents and requires relatively large amounts of high-quality 
genomic DNA, which means it cannot be used routinely in many 
laboratories. An amplification step is therefore required to deter- 
mine the copy number of a given target gene from minimal 
quantities of tumor DNA (small early-stage rumors, cytopuncture 
specimens or formalin-fixed, paraffin-embedded tissues). 

In this study, we validated a PCR method developed for the 
quantification of gene over-representation in tumors. The method, 
based on real-time analysis of PCR amplification, has several 
advantages over other PCR-based quantitative assays such as 
competitive quantitative PCR (Celi el al., 1 994). First, the real-time 
PCR method is performed in a closed-tube system, avoiding the 
risk of contamination by amplified products. Re-amplification of 
carryover PCR products in subsequent experiments can also be 
prevented by using the enzyme uracil N-glycosylase (UNG) 
(Longo et al, 1990). The second advantage is the simplicity and 
rapidity of sample analysis, since no post-PCR manipulations are 
required. Our results show that the automated method is reliable. 
We found it possible to determine, in triplicate, the number of 
copies of a target gene in more than 100 tumors per day. Third, the 
system has a linear dynamic range of at least 4 orders of magnitude, 
meaning that samples do not have to contain equal starting amounts 
of DNA. This technique should therefore be suitable for analyzing 
formalin-fixed, paraffin-embedded tissues. Fourth, and above all, 
real-time PCR makes DNA quantification much more precise and 
reproducible, since it is based on C t values rather than end-point 
measurement of the amount of accumulated PCR product. Indeed, 
the ABI Prism 7700 Sequence Detection System enables C, to be 
calculated when PCR amplification is still in the exponential phase 
and when none of the reaction components is rate-limiting. The 
within-run CV of the C, value for calibrator human DNA (5 
replicates) was always below 5%, and the between-assay precision 
in 5 different runs was always below 10% (data not shown). In 
addition, the use of a standard curve is not absolutely necessary, 
since the copy number can be determined simply by comparing the 
C, ratio of the target gene with that of reference genes. The results 
obtained by the 2 methods (with and without a standard curve) are 
similar in our experiments (data not shown). Moreover, unlike 
competitive quantitative PCR, real-time PCR does not require an 
internal control (the design and storage of internal controls and the 
validation of their amplification efficiency is laborious). 

The only potential disavantage of real-time PCR, like all other 
PCR-based methods and solid-matrix blotting techniques (South- 
ern blots and dot blots) is that is cannot avoid dilution artifacts 
inherent in the extraction of DNA from tumor cells contained in 
heterogeneous tissue specimens. Only FISH and immunohistochem- 
istry can measure alterations on a cell-by-cell basis (Pauletti et al, 
1996; Slamon et al, 1989). However, FISH requires expensive 
equipment and trained personnel and is also time-consuming. 
Moreover, FISH does not assess gene expression and therefore 
cannot detect cases in which the gene product is over-expressed in 
the absence of gene amplification, which will be possible in the 
future by real-time quantitative RT-PCR. Immunohistochemistry is 
subject to considerable variations in the hands of different teams, 
owing to alterations of target proteins during the procedure, the 
different primary antibodies and fixation methods used and the 
criteria used to define positive staining. 

The results of this study are in agreement with those reported in 
the literature, (i) Chromosome regions 4q 1 1 -q 1 3 and 21q21.2 
(which bear alb and app, respectively) showed no genetic alter- 
ations in the breast-cancer samples studied here, in keeping with 
the results of CGH (Kallioniemi et al., 1994). (ii) We found that 
amplifications of these 3 oncogenes were independent events, as 
reported by other teams (Bems et al, 1992; Borg et al., 1992). (Hi) 
The frequency and degree of myc amplification in our breast tumor 
DNA series were lower than those of ccndl and erbB2 amplifica- 
tion, confirming the findings of Borg el al. ( 1 992) and Courjal et al. 
(1997). (;V) The maxima of ccndl and erbBl over-representation 
were 18-fold and 15-fold, also in keeping with earlier results (about 
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Tumor 
T118 
T133 
T145 



CCND1 



ALB 



Ct Copy number c t Copy number 
27.3 4605 26.5 4365 



23.2 



22.1 



61659 



125892 



25.2 



25.6 



10092 



7762 



Figure 2 - ccndl and alb gene dosage by real-time PCR in 3 breast tumor samples: Tl 1 8 (E 1 2, C6, black squares), T 1 33 (G 1 1 , B4, red squares) 
and T145 (A8, C8, blue squares). Given the C, of each sample, the initial copy number is inferred from the standard curve obtained during the same 
experiment. Triplicate plots were performed for each tumor sample, but the data for only one are shown here. The results are shown in Table II. 



30-fold maximum) (Berns et al., 1 992; Borg et al., 1 992; Courjal et 
al, 1997). (v) The erbB2 copy numbers obtained with real-time 
PCR were in good agreement with data obtained with other 
quantitative PCR-based assays in terms of the frequency and 
degreeofamplification(Ane/a/., 1995; Deng el al., 1996;VaIeron 



et al., 1996). Our results also correlate well with those recently 
published by Gelmini et al. (1997), who used the TaqMan system to 
measure erbBl amplification in a small series of breast tumors 
(n = 25), but with an instrument (LS-50B luminescence spectrom- 
eter, Perkin-Elmer Applied Biosystems) which only allows end- 
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TABLE 11 - EXAMPLES OF ccndl GENE DOSAGE RESULTS 
FROM 3 BREAST TUMORS' 



Tumor 




ccndl 






alb 




Hccndl/alb 


Copy 
number 


Mean 


SD 


Copy 
number 


Mean 


SD 


T118 


4525 






4223 










4605 


4603 


77 


4365 


4325 


89 


1.06 




4678 






4387 








T133 


59821 






9787 










61659 


61100 


1111 


10092 


10137 


375 


6.03 




61821 






10533 








T145 


128563 






7321 










125892 


125392 


3448 


7762 


7672 


316 


16.34 




121722 






7933 









'For each sample, 3 replicate experiments were performed and the mean 
and the standard deviation (SD) was determined. The level of ccndl gene 
amplification (Hccndl/alb) is determined by dividing the average ccndl 
copy namber value by the average alb copy number value. 



point measurement of fluorescence intensity. Here we report myc 
and ccndl gene dosage in breast cancer by means of quantitative 
PCR. (vi) We found a high degree of concordance between 
real-time quantitative PCR and Southern blot analysis in terms of 
gene amplification, especially for samples with high copy numbers 
(a5-fold). The slightly higher frequency of gene amplification 
(especially ccndl and erbB2) observed by means of real-time 
quantitative PCR as compared with Southern-blot analysis may be 
explained by the higher sensitivity of the former method. However, 
we cannot rule out the possibility that some tumors with a few extra 



gene copies observed in real-time PCR had additional copies of an 
arm or a whole chromosome (trisomy, tetrasomy or polysomy) 
rather than true gene amplification. These 2 types of genetic 
alteration (polysomy and gene amplification) could be easily 
distinguished in the future by using an additional probe located on 
the same chromosome arm, but some distance from the target gene. 
It is noteworthy that high gene copy numbers have the greatest 
prognostic significance in breast carcinoma (Borg et al., 1992; 
Slamon e7 a/., 1987). 

Finally, this technique can be applied to the detection of gene 
deletion as well as gene amplification. Indeed, we found a 
decreased copy number of erbB2 (but not of the other 2 proto- 
oncogenes) in several tumors; erbBl is located in a chromosome 
region (17q21) reported to contain both deletions and amplifica- 
tions in breast cancer (Bieche and Lidereau, 1 995). 

In conclusion, gene amplification in various cancers can be used 
as a marker of pre-neoplasia, also for early diagnosis of cancer, 
staging, prognostication and choice of treatment. Southern blotting 
is not sufficiently sensitive, and FISH is lengthy and complex. 
Real-time quantitative PCR overcomes both these limitations, and 
is a sensitive and accurate method of analyzing large numbers of 
samples in a short time. It should find a place in routine clinical 
gene dosage. 
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